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A B S T R A C T   

Urban green space provides refuges for species that are unintentionally introduced by humans and which do not 
belong to the remnants of natural habitats in urban areas. However, the quantitative relationships between urban 
green space properties and these spontaneous species are unclear. To address this, we surveyed plant species 
occurring in urban green patches in Kunming city, which is located in a biodiversity hotspot in southwest China. 
We classified spontaneous plants into native, non-native and invasive plant species. A total of 386 spontaneous 
species belonging to 278 genera and 92 families were recorded in 190 patches. Most of the recorded species were 
herbaceous plants (76.2 %). While invasive species constituted a relatively small proportion of the total species 
pool (17.9 %), six out of ten of the most frequently occurring species were invasive. Regression models inspired 
by the theory of Island Biogeography show that total, native, non-native and invasive spontaneous species 
richness in urban green patches were best explained by the size of the ‘island’ (patch area), dispersal limitations 
(as expressed by ‘distance to city boundary’) and edge effects (as shown by the landscape shape index). While the 
set of drivers of spontaneous plants is similar for the different groups of species, the relative importance of each 
driver varies among them. Our study provides quantification of drivers of biodiversity patterns in urban green 
space. Based on this understanding, planning and management of urban green space can be adapted to maximize 
spontaneous plant conservation in rapidly urbanizing biodiversity hotspot regions.   

1. Introduction 

As cities continue to grow, urbanization increasingly modifies the 
ecological processes and features in urban areas, resulting in a loss of 
natural habitats and heterogeneity in urban habitats (Zhao et al., 2006; 
Kotze et al., 2011; Groffman et al., 2014). In addition, humans actively 
and intentionally plant ornamental plants, while removing unfavorable 

species and intensively managing others through horticulture activities 
such as pruning, irrigation, fertilization and weed control. Together, 
these activities alter both composition and diversity of the urban plant 
communities (Sudha and Ravindranath, 2000; Ignatieva et al., 2011), 
and have resulted in highly modified landscapes, which provide less 
habitat for wildlife (Pickett et al., 2001, 2004). 

Urban green spaces encompass all natural, semi-natural and artificial 
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networks of multifunctional ecological systems. Thus, they include 
urban parks, abandoned lands, areas of secondary succession, ruderal 
and pioneer environments, open areas and remnant forests. Urban green 
space provides important features for biodiversity either as temporary or 
permanent habitats. They also serve as “corridors” or “stepping stones” 
to facilitate species dispersal (Baum et al., 2004; Saura et al., 2014; 
Alharbi and Petrovskii, 2019). They are therefore a key component for 
ecological urban planning. While it is clear that green space can 
contribute to protecting and enhancing biodiversity in urban areas 
(Huang et al., 2019), there is still a lack of understanding of which green 
space properties, such as patch’ size and configuration, promote 
biodiversity. 

Moreover, many rapidly growing cities are situated in biodiversity 
hotspots. These hotspots contain 44 % of the world’s plant species and 
35 % of the vertebrate species on only 1.4 % of the earth’s land area, and 
are under threat of ongoing human activities and severe habitat loss 
(Myers et al., 2000). Currently, it is unclear how urbanization affects 
biodiversity in these hotspots. A better understanding of the drivers of 
species richness in such a biodiversity hotspot with very recent and 
ongoing rapid urbanization may contribute to improved management 
and protection of biodiversity in urban areas around the world. 

Urban vegetation can be classified into three categories: cultivated 
vegetation which is intentionally introduced by humans, natural 
remnant vegetation and spontaneous vegetation (Cervelli et al., 2013). 
The latter is defined as species that are unintentionally introduced by 
humans and do not belong to the remnants of natural habitats that are a 
typical component in urban environments (Cervelli et al., 2013). These 
plant species may grow in any type of urban green space, even in 
extreme environments such as brownfields, masonry walls, rooftops and 
pavement crevasses (De Sousa, 2006; Jeremy, 2011; Huang et al., 2019). 
Most studies in the urban environment have treated spontaneous plant 
species as invasive alien plants or in relation to weed control (Cavender 
Bares et al., 2020a, 2020b; Chen et al., 2020; E Silva et al., 2020; Knapp 
et al., 2017). There is, however, an increasing awareness that sponta
neous plants may have important ecological benefits. The idea of 
fostering these plants as an alternative of ornamental cultivars to 
construct a sustainable and low-maintenance landscape has been 
introduced in various studies (Choi, 2004; Del Tredici, 2010; Smith and 
Fellowes, 2014; Bonthoux et al., 2019). Nonetheless, it has been largely 
overlooked that spontaneous plant species of different categories (e.g. 
native species, non-native species and invasive species) may colonize 
and establish in urban green space in different ways. For example, 
non-native species may mainly depend on horticultural practices and 
preferences (Avolio et al., 2020; Cavender Bares et al., 2020a, 2020b), 
and invasive species mainly disperse by human traffic and trans
portation(Kendal et al., 2012; Von der Lippe and Kowarik, 2008). In 
contrast, native species may mainly depend on the regional species pool 
and the natural environmental conditions. Thus, it is suggested that 
these different groups of spontaneous plant species may differentially 
respond to urban environments and morphologies (Zhu et al., 2019). 

The driving factors for spontaneous plant diversity and distribution 
patterns have been well studied at the community scale in urban eco
systems (Chen et al., 2014; Cui et al., 2019). Different light conditions, 
disturbance intensities, soil depth and moisture contents affect alpha 
diversity patterns of spontaneous plant species (Cervelli et al., 2013; Li 
et al., 2019). In addition to these local drivers, the spatial characteristics 
of the urban green space are also important. Isolation and fragmentation 
of urban habitats are determined by patch size, shape and its spatial 
configuration (Peng et al., 2019). Itescu (2018) reviewed different 
island-like systems in empirical studies and indicated that the frag
mented urban green space system was analogous to isolated oceanic 
islands. Hence, the richness of spontaneous plant species in green space 
patches may be highly related to the patches’ area and their distance to 
the species pool, as predicted by the Island Biogeography Theory 
(MacArthur and Wilson, 1967). However, when applied to urban land
scapes, the Island Biogeography Theory may have shortcomings as the 

surrounding matrix is not as hostile as the oceanic matrix and as there is 
no clear mainland serving as a species pool source (Niemelä, 1999). 
Thus, in urban areas, the role of distance from the mainland, i.e., patch 
distance from city boundary, may be of lesser importance. Alternative 
theories, such as the meta-population theory (Hanski and Gilpin, 1991; 
Hanski and Ovaskainen, 2000) and the patch-matrix approach (Laur
ance, 2008) point to the importance of distance and connectivity be
tween two fragments for species richness and may be better suited to 
account for patch matrix properties. However, none of the three 
frameworks discussed above explicitly account for patch properties 
other than size. Thus, geometric properties such as patch shape, 
perimeter-area ratio and landscape shape, are not accounted for. Finally, 
the (differential) impact of these patch’ and matrix properties on 
different groups of spontaneous plants is currently unknown and re
quires additional studies to understand the exact mechanisms affecting 
urban species richness patterns (Malkinson et al., 2018). 

In this study, we assessed the relationship between cityscape struc
ture, namely patch geometry and spatial attributes, and plant richness in 
the rapidly urbanizing biodiversity hotspot Kunming, China. We also 
assessed whether these drivers differ between four categories of spon
taneous species, namely total, native, non-native and invasive species. 
We selected patch’ properties pertaining to the different theories out
lined above, including patch area, distance to city boundary, perimeter- 
area ratio, landscape shape index, impermeable surface proportion 
around the patches and distance to the nearest neighboring patch, that 
may affect species diversity patterns. Due to the concentric structure of 
Kunming, distance to city boundary was chosen to represent the in
tensity of urbanization and distance to the regional species pool. Edges 
can be viewed as transition zones between neighboring patches, there
fore the perimeter-area ratio and landscape shape index were selected to 
assess patches’ edge effects. The smaller the area, the more irregular the 
circumference, the larger the edge effect is expected to be. Matrix 
resistance affects species dispersal, and for plants in the urban envi
ronment this may be quantified as the proportion of impermeable sur
face around a patch, as a proxy for dispersal or access potential to nearby 
patches (Malkinson et al., 2018). Neighboring patches can be considered 
a “stepping stone” for species dispersal. Therefore, distance to the 
nearest neighboring patch was chosen to represent access potential to 
nearby patches. Thus, we hypothesize that 1) richness patterns of native 
species will be more strongly affected by dispersal limitations, and thus 
negatively correlated with distance to the city boundary. 2) Non-native 
and invasive species, which are introduced into the urban area, will be 
less sensitive to distance from boundary and more strongly correlated 
with edge effects, represented by patch shape indices. 3) Richness pat
terns of all species will be affected by patch size, in accordance with the 
Island Biogeography Theory, and matrix resistance to dispersal as 
expressed by the proportion of impermeable surface (as shown by the 
patch-matrix framework). 

2. Materials and methods 

2.1. Study area 

The study was carried out in Kunming city, China (102◦10′~103◦40′

E, 24◦23′~26◦22′ N). Kunming is the largest city of Yunnan Province. It 
is a biodiversity hotspot located in the center of the Yunnan-Guizhou 
Plateau in southwestern China (Myers et al., 2000). The city is 
bordered by Dianchi Lake (330 km2) to the south and surrounded by 
mountains on the other sides. The city’s average altitude is 1,890 m. 
Kunming has a typical temperate climate with an average annual tem
perature of 14.5 ◦C and a mean annual precipitation of 1035 mm. The 
city’s built-up area covered 75 km2 in 1985 and covers an area of 438 
km2 with population of 3.93 million in 2017 (Bureau, 1989; Develop
ment, 2017). The rapid urbanization of Kunming has resulted in the 
removal of most of the remnant native vegetation, a decline in native 
species and the homogenization of the urban landscape (Yang et al., 
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2004). The green space in Kunming has become increasingly fragmented 
with rapid urban development in recent years. Cultivated and sponta
neous plants dominate the species composition in the built-up area. 

2.2. Data collection 

Field surveys of spontaneous plant species were conducted during 
the growing season between June and October in 2017 and 2018. We 
treated the lake and the foot of the mountain range as the city’s 
boundary. We delineated a polygon of the city boundary using Google 
Earth Pro 7.3.2 (Fig.1). Eight transects were set up from the city center, 
evenly radiating to the city boundary (Fig. 1). Along each transect, a 

sampling site with a radius of 500 m was set every 2 km (Fig. 1). Some 
sample sites contained large green patches, while others had several 
small patches contributing < 5 % of the surface area. Depending on the 
number and size of green patches in each sampling site, we randomly 
selected 1–10 accessible green patches of different sizes for species 
richness surveys (Fig. 1). In total 190 patches consisting of six main 
types of green spaces (Table 1): institutional green space, park green 
space, protective green space (such as sanitation greenbelts, roadway 
protection green space, windbreak forest, and grouped greenbelts. They 
have Sanitation, insulation and security purposes), residential green 
space, street green space and vacant lands, were surveyed (Zhao et al., 
2010). We recorded all plant species in each patch, but only included the 

Fig. 1. Location of Kunming city and sample sites. Top right: sampling sites surveyed along the 8 transects in Kunming city and the solid line is the city boundary; 
Bottom right: an example of a sampling site; Patches surveyed for this sampling site by solid line. 
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spontaneous species in our analysis. We classified naturally growing 
herbaceous plants and seedlings of woody plants in all urban man-made 
green patches as spontaneous species. We excluded fully grown trees 
because of the difficulty in determining whether they had been inten
tionally planted or occurred spontaneously, except for those growing on 
abandoned lands, roofs and walls. The spontaneous species were further 
classified into native, non-native and invasive species according to the 
Flora Yunnanica (Wu, 2006), Exotic plants in China (He, 2012) and The 
Checklist of Chinese Invasive Plants (Ma et al., 2013). We treat the natu
ralized plants of the book of Exotic plants in China as native species in 
this analysis. Species classified to the first five invasive levels of The 
Checklist of Chinese Invasive Plants were defined as invasive species. 
Although all invasive species are non-native species, in order to better 
explore differences in the driving factors of different group of species, 
the non-native species in this study were analyzed separately from the 
invasive species. We regarded invasive species as a distinct group from 
other non-native species 

Using high-resolution aerial orthophotos (RGB, 0.14 m resolution, 
2018), we manually delineated the boundaries of every surveyed patch 
using Google Earth Pro 7.3.2 (Google, 2015; the red polygons in the 
bottom right panel of Fig. 1). These polygons were imported into ArcGIS 
10.3 (ESRI, 2015) to calculate patch area, patch perimeter, distance to 
city boundary and distance to the nearest neighboring patch. 
High-resolution aerial orthophotographs were classified into five land 
use categories: sealed surface, barren land, arable land, water, and 
vegetation, by applying the Maximum Likelihood Classification which is 
a supervised classification in ArcGIS. The proportion of impervious 
surface within radii of 25 m (Sealed25), 50 m (Sealed50), 75 m (Sealed75) 
and 100 m (Sealed100) around the patches were estimated based on this 
classification. The Euclidean distance between the boundary of two 
adjacent nearest neighbor patches was calculated using the Near tool in 
ArcGIS. Perimeter-area ratio and landscape shape index were used to 
assess edge effects (Gyenizse et al., 2014). Perimeter-area ratio repre
sents the ratio of the perimeter to patch area, and is used to express the 
edge effect. Landscape shape index (landscape shape index = Perim
eter/2 

̅̅̅̅̅̅̅̅̅̅̅̅̅
πArea

√
) represents the degree of deviation of the patch’s shape to 

a perfect circle. The larger the landscape shape index, the more dis
similar it is to a perfect circle. 

2.3. Data analysis 

Exploratory linear regression analyses were conducted to evaluate 
the individual relationships between the independent variables (patch 
area, distance to city boundary, landscape shape index, perimeter-area 
ratio, Sealed25, Sealed50, Sealed75, Sealed100, distance to the nearest 
neighboring patch), and the dependent variables (total number of 
spontaneous species, number of native species, non-native species and 
invasive species). Patch area and distance to city boundary were log- 
transformed to match the assumption of normal distribution of the 
data. To avoid collinearity among independent variables, a Pearson 
correlation analysis was employed prior to further analysis. In case 
where two variables had a correlation coefficient greater than 0.7, the 
one with has the highest correlation with the dependent variables was 

Table 1 
General information of the six types of urban green patches studied in Kunming.  

Type of Green 
space 

Number of 
patches 

Mean 
patch area 
(ha) 

Mean distance from 
patch to boundary 
(km) 

Proportion of 
total surveyed 
area 

Mean number of 
spontaneous species/ 
ha 

Mean number of 
native species/ 
ha 

Mean number of 
non-native 
species/ha 

Mean number of 
invasive species/ 
ha 

Institutional 30 1.7 4.1 17.2 % 126 96 3 27 
Parks 13 4.5 3.5 19.3 % 51 32 0 19 
Protective 50 1.2 6.0 20.6 % 83 54 2 27 
Residential 40 0.5 4.8 6.6 % 235 164 4 68 
Street 21 0.4 5.6 2.9 % 144 101 3 40 
Vacant land 36 2.8 4.2 33.4 % 56 37 2 16  

Table 2 
Pearson correlation coefficients of independent variables; patch area (A), distance from the patch to city boundary (BD), perimeter-area ratio (PA), landscape shape 
index (LSI), distance to the nearest neighboring patch (NN), proportion of sealed surface around the patches within different radii (Sealed25, Sealed50, Sealed75 and 
Sealed100).   

Log A Log LSI Log PA log.BD Log NN Sealed25 Sealed50 Sealed75 

Log LSI 0.301        
Log PA − 0.922 0.091       
Log.BD − 0.127 0.039 0.148      
Log NN − 0.108 − 0.018 0.106 − 0.163     
Sealed25 − 0.236 − 0.075 0.216 0.346 − 0.002    
Sealed50 − 0.205 − 0.05 0.194 0.368 0.013 0.94   
Sealed75 − 0.202 − 0.033 0.197 0.374 0.037 0.877 0.973  
Sealed100 − 0.203 − 0.029 0.2 0.367 0.06 0.83 0.935 0.984  

Table 3 
List of non-linear prediction models of spontaneous species richness. A - patch 
area, BD – distance of patch to urban boundary, LSI – landscape shape index, PA - 
perimeter-area ratio, Sealed25 - the proportion of sealed surface around the 
patch within a radius of 25 m, NN - distance to the nearest neighboring patch.  

Model 
No. 

Model Independent 
variables 

Related theories 

1 β0Aβ1 A Species area curve 
2 β0[log10A]β1 A Species area curve 
3 β0Aβ1

*e− β2log
10
(BD) A, BD Island Biogeography 

Theory and Species 
area curve 

4 β0[log10A]β1
*e− β2log

10
(BD) A, BD Island biogeography 

Theory and Species 
area curve 

5 β0[log10A]β1
*e− β2log

10
(BD) +β3 

e-β4log
10
(LSI) 

A, BD, LSI Meta-population and 
Patch-matrix 
perspective 

6 β0[log10A]β1
*e− β2log

10
(BD) +β3 

e-β4log
10
(PA) 

A, BD, PA Meta-population and 
Patch-matrix 
perspective 

7 β0[log10A]β1
*e− β2log

10
(BD) +β3 

e-β4log
10
(Sealed25) 

A, BD, Sealed25 Meta-population and 
Patch-matrix 
perspective 

8 β0[log10A]β1
*e− β2log

10
(BD) +β3 

e-β4log
10
(NN) 

A, BD, NN Meta-population and 
Patch-matrix 
perspective  
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selected for further analysis (Table 2). 
After the exploratory analysis, eight non-linear regression models 

(Table 3) were evaluated for each of the four species categories to 
evaluate their relationships between species richness and potentially 
driving variables. Patch size is the fundamental parameter in species- 
area curve (Arrhenius, 1921a) and was accounted for in Model 1 and 
Model 2. Model 3 and Model 4 included the two basic parameters of the 
Island Biogeography Theory, island size and the distance to the species 
pool. These two processes were assumed to interact, therefore they were 
introduced as interactive terms. Next, following metapopulation theory 
and patch matrix theory concepts, we also considered other patch 
properties, such as landscape shape index (Model 5), perimeter-area 
ratio (Model 6), Sealed25 (Model 7) and distance to the nearest neigh
boring patch (Model 8) to assess the impacts of highly fragmented 
landscapes. For Model 7, we only included Sealed25 to describe the 
impacts of sealing, because Sealed25, Sealed50, Sealed75 and Sealed100 
turned out to be highly correlated (all correlation coefficients all higher 
than 0.8) and Sealed25 showed the highest correlation with the depen
dent variable. The parameters introduced to models 5– 8 were assumed 
to operate independently of patch area and distance to city boundary, 
thus they were included as additive terms. 

Next, we estimated maximum likelihood parameter values for each 
non-linear model by using the Microsoft Excel optimization engine 
(Hobbs and Hilborn, 2006; Malkinson et al., 2018). For each sponta
neous species group, competing models were ranked using Akaike’s 
Information Criterion (AIC), a metric for relative model fit penalized by 
model complexity. The Akaike weight (Wr), ranging from 0 to 1, was 
used to assess the relative weight of each model, which is analogous to 
the probability that a given model is the best approximating model 
(Burnham and Anderson, 2002). To evaluate the fit of the model, the 
adjusted pseudo-R2 was calculated by using the Rsq function of the 
soilphysics package (version 3.1) (Silva and Lima, 2017) in R version 
3.4.1 (RCoreTeam, 2014) (Table 4). 

3. Results 

3.1. Patch features 

The mean area of the 190 sampled green patches was 15,948 m2, the 
smallest was 128 m2 and the largest was 398,723 m2. In total, 386 
spontaneous plant species from 279 genera and 92 families were 
recorded. Among these, we recorded 294 herbaceous species (76.2 %), 
42 shrub species (10.9 %), 37 tree species (9.6 %) and 13 liana species 
(3.4 %). Of all species, 298 (77.2 %) were native, 19 (4.9 %) were non- 
native, and 69 species (17.9 %) were invasive (Appendix A). The most 
frequent families included Asteraceae and Poaceae (each constituting 46 
species, or 11.9 % of the total number of species found), followed by 
Fabaceae (6.0 %) and Rosaceae (4.7 %) (Fig. 2a ). The top ten most 

frequently sampled species were all herbaceous species. Of these, six 
were invasive species, and their frequencies were all higher than 50 % 
(Fig. 2b). The highest and lowest richness of species recorded in a single 
patch were 148 and 5, respectively, whereas the mean species richness 
was 35. 

3.2. Bivariate relationship between richness and patch properties 

The linear relationship between the total number of spontaneous 
species and patch area (log10 scale) was significant (R2 = 0.36, p <
0.001), and so was the relationship for the number of native species (R2 

= 0.35, p < 0.001), non-native species (R2 = 0.12, p < 0.001) and 
invasive species (R2 = 0.28, p < 0.001) (Fig. 3A ). The linear relationship 
between the total number of spontaneous species and distance to city 
boundary (log10 scale) was significant, albeit with a low R2 value (R2 =

0.03, p < 0.05), and so was the relationship for the number of native 
species (R2 = 0.03, p < 0.05), and non-native species (R2 = 0.03, p <
0.05). In contrast, the relationship between invasive species and dis
tance to city boundary was not significant (R2 = 0.02, p > 0.05) 
(Fig. 3B). The negative correlation between species richness and 
Sealed25 was only marginally significant for total species (R2 = 0.02, p =
0.05) and native species (R2 = 0.02, p = 0.06). 

The total number of species (R2 = 0.17, p < 0.001), the number of 
native species (R2 = 0.16, p < 0.001), the number of nonnative species 
(R2 = 0.06, p < 0.001) and the number of invasive species (R2 = 0.15, p 
< 0.001) were found to be negatively correlated with perimeter-area 
ratio (Fig. 3C). In contrast, the total number of species (R2 = 0.08, p 
< 0.001), the number of native species (R2 = 0.07, p < 0.001), the 
number of non-native species (R2 = 0.03, p < 0.05) and the number of 
invasive species (R2 = 0.05, p < 0.05) were found to be positively and 
significantly correlated with landscape shape index (Fig. 3D). 

3.3. Non-linear prediction models for species richness 

For total spontaneous plant species, model 5, which included patch 
area, distance to city boundary and landscape shape index, best 
explained the richness pattern (Table 3). The associated AIC model 
weight (Wr = 0.889) indicated that this model was best supported by the 
data than any of the other candidate models. Replacement of landscape 
shape index by perimeter-area ratio or distance to the nearest neigh
boring patch strongly weakened the model. For native species (Table 3), 
the models showed a ranking similar to those of the total number species 
pattern. Again, the data best supported Model 5 (Wr = 0.808), and the 
other competing models were much more poorly supported by the data. 
When assessing non-native species, the top three models were Model 5 
(Wr = 0.323), Model 8 (Wr = 0.278) and Model 6 (Wr = 0.137). The 
similar performance of Model 5 and Model 8 indicates that replacing 
landscape shape index by distance to the nearest neighboring patch only 

Table 4 
Model outputs of the top three non-linear prediction models for species richness of the different groups of spontaneous species. A – patch area, BD – distance of patch to 
urban boundary, LSI – landscape shape index, PA – perimeter-area ratio, Sealed25 – the proportion of sealed surface around the patch within a radius of 25 m, NN - 
distance to nearest patch. MLE – Maximum likelihood estimation, AIC – Akaike’s information criterion, Wr – Akaike weight. The supplementary information contains 
the output of all eight candidate models for each species group (Table B.1).  

species group Top 3 Models β0 β1 β2 β3 β4 MLE AIC Wr Adjusted R2 

Total 
No.5 β0[log10A]β1

*e− β2log
10
(BD)+β3e-β4log

10
(LSI) 0.005 6.505 0.408 20.927 − 0.832 − 772.661 1557.782 0.889 0.467 

No.6 β0[log10A]β1
*e− β2log

10
(BD)+β3e-β4log

10
(PA) 0.034 5.281 0.323 31.084 − 0.435 − 775.495 1563.449 0.052 0.448 

No.8 β0[log10A]β1
*e− β2log

10
(BD)+β3e-β4log

10
(NN) 0.008 6.171 0.382 27.434 0.140 − 775.936 1564.331 0.034 0.448 

Native 
No. 5 β0[log10A]β1

*e− β2log
10
(BD) +β3 e-β4log

10
(LSI) 0.000 9.031 0.525 18.493 − 0.628 − 704.471 1421.401 0.808 0.464 

No.8 β0[log10A]β1
*e− β2log

10
(BD)+β3e-β4log

10
(NN) 0.000 8.721 0.512 23.703 0.130 − 706.816 1426.091 0.077 0.451 

No.6 β0[log10A]β1
*e− β2log

10
(BD) +β3 e-β4log10(PA) 0.001 7.774 0.475 24.709 − 0.226 − 706.907 1426.274 0.071 0.450 

Non-native 
No. 5 β0[log10A]β1*e− β2log

10
(BD)+β3e-β4log

10
(LSI) 0.001 6.596 0.860 0.477 − 1.007 − 242.561 497.580 0.323 0.203 

No.8 β0[log10A]β1
*e− β2log

10
(BD)+β3e-β4log

10
(NN) 0.001 6.260 0.835 0.319 − 0.523 − 242.711 497.881 0.278 0.201 

No.6 β0[log10A]β1
*e− β2log

10
(BD) +β3 e-β4log10(PA) 0.001 6.002 0.740 0.687 − 0.273 − 243.415 499.290 0.137 0.195 

Invasive 
No. 5 β0[log10A]β1

*e− β2log10(BD) +β3 e-β4log10(LSI) 0.027 4.269 0.265 5.423 − 0.685 − 550.742 1113.944 0.247 0.298 
No. 3 β0Aβ1

*e− β2log10(BD) 2.834 0.190 0.120 – – − 552.899 1114.015 0.238 0.293 
No.1 β0Aβ1 1.823 0.192 – – – − 554.298 1114.725 0.167 0.289  

Z. Gao et al.                                                                                                                                                                                                                                     



Urban Forestry & Urban Greening 61 (2021) 127098

6

slightly weakened the model. Replacing landscape shape index by 
perimeter-area ratio (Model 6) also weakened the model. As for the 
invasive species case, Model 5 and Model 3 performed similarly, indi
cating that removing landscape shape index as an explanatory term only 
slightly weakened support by the data (Model 5 and 3, Wr = 0.247 and 
0.238, respectively). Removing distance to city boundary and landscape 
shape index weakened the model (Model 6, Wr = 0.159). 

4. Discussion 

As an important constituent of biodiversity in urban environments, 
increasing attention has been paid to the role of spontaneous species. 
Although studies focused on how urbanization affects natural remnant 
vegetation and cultivated vegetation in cities, our knowledge on spon
taneous plants in urban green spaces is still limited. In this study we 
investigated the factors driving the richness of four subsets of plant 
species, the total, native, nonnative and invasive spontaneous species in 
Kunming, a city which is located at a biodiversity hotspot and 

Fig. 2. The ten most prevalent plant families(a) and ten most frequent species (b) in urban green space of Kunming. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The linear relationship between spontaneous species richness and patch Area (A), distance from the patch to the city boundary (B), perimeter-area ratio (C) 
and landscape shape index (D). 
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undergoing rapid urbanization. Our study demonstrated that most (77.2 
%) of the spontaneous species in the urban area consist of native species. 
The richness of different spontaneous species categories was best 
described by the same combination of patch area and distance to city 
boundary, processes which have been at the foundation of the Theory of 
Island Biogeography. Additionally, the landscape shape index, which 
has been brought up in the context of the meta-population approach 
(Kindvall and Petersson, 2000) and the patch matrix perspective (Ye 
et al., 2013) has also turned to be an important parameter related to 
richness patterns. 

4.1. Drivers of spontaneous species richness 

Our linear and non-linear regression analyses showed that habitat 
properties strongly affected spontaneous species richness patterns. Patch 
area explained most of the variance of spontaneous species richness in 
all four groups of spontaneous species, where smaller patches generally 
contained fewer species than larger patches. These patterns are consis
tent with some of the well-known ecological concepts such as the Island 
Biogeography Theory and the associated species-area relationships 
(Arrhenius, 1921b; Gleason, 1922; MacArthur and Wilson, 1967). 
Similar positive relationships between area and urban biodiversity have 
been demonstrated previously (Debinski and Holt, 2000; Angold et al., 
2006; Munguía-Rosas and Montiel, 2014; Beninde et al., 2015; Matthies 
et al., 2015). Moreover, the negative correlation between distance of a 
patch to the city boundary and spontaneous species richness also con
forms with established ecological concepts, e.g. on urban-rural gradients 
(McDonnell and Hahs, 2008). As Kunming is surrounded by mountains 
with extensive natural cover, distance to city boundary reflects the 
“resistance” of gaining access to the local species pool from a patch 
perspective: the closer the patch is to the city boundary, the more access 
to the regional natural species pool is expected. Due to the concentric 
nature of the urbanization progress, distance to city boundary also 
represents the intensity and the time since urbanization. Our linear and 
non-linear results both show higher in species richness closer to the city 
boundary. While some studies showed similar trends along urban-rural 
gradients (Kim and Pauleit, 2005; Chen et al., 2014; Tian et al., 2015), a 
meta-analysis of urban-rural gradient studies (McKinney, 2008) indi
cated that in most (about 65 %) of the 17 plant studies a higher species 
richness is associated with moderate urbanization, resembling an in
termediate disturbance hypothesis response (McKinney, 2008). The 
discrepancy of our results might be explained by the fact that these 
studies did not exclude cultivated species, or that the definition of in
tensity of urbanization is different. Previous studies used distance to the 
city center (McDonnell and Hahs, 2008), proportion of impervious 
surface (Peng et al., 2019), nighttime light levels (Hu et al., 2020) or 
socio-economic indicators (Fan et al., 2019) to quantify urbanization 
intensities. Furthermore, Kunming is rapidly developing, and thus spe
cies composition dynamics might be far from equilibrium, thus patches 
near the city’s boundary may exhibit an extinction debt (Tilman et al., 
1994). 

We assumed that distance to nearest patch was an indicator of the 
degree of habitat connectivity which could affect the dispersal success of 
spontaneous species. If so, the richness of spontaneous species would 
increase as the distance to the nearest patch decreases. In the linear 
regression exploratory analysis, we did not find any significant corre
lation between distance to the nearest neighboring patch and sponta
neous species richness. However, the results of the non-linear prediction 
models show that the distance to the nearest patch is consistently 
included in the top three of models for species richness of all groups of 
spontaneous species, except for invasive plants. This complies with the 
non-linear long-tailed response of seed dispersal to distance (Nathan 
et al., 2008). 

Species’ responses to edge properties vary from increasing and 
decreasing to no change, depending on the specific edge type encoun
tered (Ries and Sisk, 2004). Within a certain range, an increased edge 

density or perimeter-area ratio will increase the probability of dispersal 
and resource availability from neighboring species pools. Meanwhile, 
the edges disturbance will also increase. Once beyond this range, an 
increase in these variables may indicate a dispersal barrier among 
patches. In our case, the landscape shape index represents the degree of 
deviation between a patch’s shape and a perfect circle, where a larger 
index value represents a more complex patch shape. An increase of 
landscape shape index can increase the number of habitat types and 
edge density, and near edges the microclimate (for example, light and 
water conditions) will also increase (Fahrig, 2017). Additionally, the 
edge of patches can be viewed as a transition zone where resources are 
exchanged with neighboring patches. Therefore, a more complex patch 
shape may have a greater potential to receive resources from neigh
boring patches (Moser et al., 2002). The edge also differs from the core 
area of the patches in trophic dynamics, disturbance regime and pro
ductivity (Lövei et al., 2006; Haddad et al., 2015), which is likely to 
affect species richness. We hypothesized that in urban green space the 
number of spontaneous species is positively related to species dispersal 
probability between neighboring patches, thus with higher landscape 
shape index and perimeter-area ratio values. Indeed, the bivariate 
analysis and non-linear regression analysis both found a positive cor
relation between landscape shape index and spontaneous species rich
ness, as has been found in many other locations including Beijing (Peng 
et al., 2019), Chongqing (Wang et al., 2020) and Kwangju (Kim and 
Pauleit, 2007). 

4.2. Response of different plant categories of species to the urban 
environment 

Upon dividing all spontaneous species into three categories (i.e. 
native, non-native and invasive species), the results showed that the 
same model best explained richness properties for all species categories 
– model 5. This model accounts for an interaction between patch size 
and distance to city boundary, and an additive term which accounts for 
patch geometry, as expressed by landscape shape index. This provides 
evidence for the importance of patch geometrical properties to species 
richness. Patch size and distance to city boundary are also key compo
nents in the Island Biogeography Theory. However, the application of 
Island Biogeography Theory in urban environment has a major short
coming, since the urban matrix may behave differently from true islands 
(Niemelä, 1999). Patches of equal area might lead to unequal ability to 
support a given population, as they may differ in the amount of their 
area exposed to edges (Andren, 1994). Patches of elongated shapes and 
indented perimeters will experience more disturbance than patches with 
compact shapes and unbroken perimeters (Helzer and Jelinski, 1999). 
Furthermore, the patch’s surrounding matrix could also result in 
different degree of patch isolation and hostility (Addicott et al., 1987; 
Franklin, 1993). Among urban green spaces, species may disperse more 
successfully than in true island systems, because seed survival is likely to 
be much lower in the matrix surrounding true islands – i.e., in water 
bodies (Hanski and Gilpin, 1991; Tilman, 1994). Indeed, the importance 
of landscape shape index for the distribution of species richness reflects 
the practical value of the patch matrix and meta-population perspective 
(Laurance, 2008) in an urbanized world. Malkinson et al. (2018), 
assessing the richness patterns for different types of species, found that 
perimeter-area ratio and the habitat types are important variables for 
dictating species richness in the green space of Haifa, Israel, which also 
provides evidence for the patch matrix and meta-population perspec
tive. Therefore, we suggested that, when conceptualizing the Island 
Biogeography Theory in the urbanized world, species dispersal proper
ties and patch geometrical properties should also be considered. 

Although invasive species constituted a relatively low proportion of 
all spontaneous species (17.9 %) and six of the ten most frequent species 
are invasive ones. Only 19 non-native species (4.9 %) are not invasive. 
The richness pattern of invasive and non-native species was best 
explained by the same model as native species, but the relative weight 
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(Wr = 0.323 and Wr = 0.247) and explanatory power (R2 = 0.203 and R2 

= 0.298) of the best model are considerably lower than that of the best 
model of native species (Wr = 0.808, R2 = 0.464). This different 
behavior of invasive species may be mainly due to the strong dispersal 
capacity and reproduction potential of invasive species (Yong Xing, 
2010; Chen et al., 2014). Invasive species with higher dispersal ability, 
for example wind dispersers, have a higher potential to arrive at more 
distant patches. They also have a tendency for larger reproduction po
tential, i.e., more seeds, which may increase the number of successful 
colonization (Coutts et al., 2011). Consequently, distance to city 
boundary and landscape shape index may have less impact on invasive 
species richness. 

Moreover, the non-native and invasive species are introduced by 
human activities, and do not depend on the species pool of natural 
vegetation. Thus, there may be other important factors, such as patch 
age, that dictate the non-native and invasive species distribution. The 
establishment of non-native and invasive species may not yet have 
reached an equilibrium, as is possibly indicated by their small propor
tion within the total number of spontaneous species. Elsewhere time- 
delayed colonization takes place in the urban green space (Kopel 
et al., 2015). Thus, given enough time, also in this study region addi
tional invasive and non-native species are expected to establish. This 
phenomenon has been described as an “invasion debt” (Essl et al., 2011). 

The modelling results, yielded even for the best models, adjusted R2 

values lower than 0.5, indicating that there are additional, unaccounted 
for, drivers of species richness. This may relate to the high socio- 
ecological complexity of the urban environment. Besides patch proper
ties, other factors, such as human management, micro-climate, and 
historical urbanization processes (Flinn et al., 2018) also likely 
contribute to green patch richness. 

While Model 5 consistently was the best one to explain richness 
patterns, the results suggest that the relative importance of each of these 
parameters varies among the categories. Although it is incorrect to 
compare the magnitude of the parameters among the models, due to the 
different number of species in each category, it is informative to 
compare the relative contribution of the parameters within each model. 
For example, for native and invasive species, β1, which expresses the 
response of species richness to patch size is 17 and 16 times larger 
respectively than β2, which reflects the effects of the distance of the 
patch size to the city boundary. In contrast, for non-native species this 
ratio is only approximately 8, suggesting that patch size is relatively less 
important compared to native species and invasive species. Similarly, 
patch shape (β4) in relation to patch area seems to be a much more 
important factor for dictating native species richness patterns compared 
to non-native and invasive species. For native species the ratio between 
β1 and β4 is 14, whereas in the non-native and invasive species case it is 
only 7 and 6 respectively, highlighting the relative importance of patch 
shape in the latter. Possibly, this indicates that a more complex patch 
perimeter structure is associated with increasing colonization potential 
of the non-native and invasive species, compared to the native ones. 
Compared to native species, invasive species usually have good perfor
mance in urban regions, due to their life history strategy, i.e., a short life 
span, high dispersal ability, tolerance to stressful environment (Coutts 
et al., 2011). Therefore, the resistance of the urban landscape to invasive 
species is lower compare to native ones. Given the horticultural prac
tices within the urban areas, invasive species may have multiple sources 
throughout the urban region. In contrast, for native species, the species 
sources are likely to lie outside the city boundaries. 

4.3. Guide for future urban greening space management 

Our study shows that even the potentially harsh heterogeneous 
environment within a city harbors considerable plant biodiversity. 
Given their spontaneous nature, by definition, these species can be used 
for our advantage: their low-maintenance demands and high-adaption 
characteristics make them ideal candidates for the restoration and 

reconstruction of habitats. Our results show that the richness of spon
taneous plant species in these urban environments relies on the city’s 
morphological properties of the green spaces. Their morphological 
properties are comprised of the properties of each individual patch, as 
expressed in this study by the patch area and landscape shape index. 
When constructing and managing urban green space, urban planners 
should consider these properties to enhance the species richness of 
spontaneous species and to enrich the urban green space, especially for 
patches located away from natural species pools. Due to the critical 
shortage of urban land, it is not realistic to increase the size of patches 
when planning green space in urban areas. However, it seems feasible 
and effective to construct ecological corridors to facilitate dispersal of 
spontaneous species through the city. Additionally, according to our 
results, increasing the complexity of green patches’ shape might also 
allow maximizing the diversity of spontaneous species. 

In addition, our results show that the different categories of species 
richness are dictated by the same combination of drivers. This implies 
that when planning and designing urban green space with increased 
species richness of native plants, there also exists an increasing risk of 
species invasion to urban areas. Therefore, additional specific measures 
might be needed by urban planners and managers to reduce this risk. 

Southwestern China, one of the hotspots for biodiversity (Myers 
et al., 2000), has experienced four decades of rapid urbanization and this 
trend continues. With an additional tripling of the global urban land 
cover by 2030, compared with the year 2000, this increase is likely to 
cause considerable additional loss of habitats in key biodiversity hot
spots in the future (Seto et al., 2012). Our increased understanding on 
patterns of spontaneous species richness in these regions will be of 
importance for developing sustainable practices in urban green space 
management and to conserve species natural richness. 
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Saura, S., Bodin, Ö., Fortin, M.J., 2014. EDITOR’S CHOICE: stepping stones are crucial 

for species’ long-distance dispersal and range expansion through habitat networks. 
J. Appl. Ecol. 51 (1), 171–182. 

Seto, K.C., Güneralp, B., Hutyra, L.R., 2012. Global forecasts of urban expansion to 2030 
and direct impacts on biodiversity and carbon pools. Proc. Natl. Acad. Sci. U.S.A. 
109 (40), 16083–16088. 

Silva, A.R., Lima, R.P., 2017. Determination of maximum curvature point with the R 
package soilphysics. Int. J. Curr. Res. 9, 54241-45245.  

Smith, L.S., Fellowes, M.D.E., 2014. The grass-free lawn: management and species choice 
for optimum ground cover and plant diversity. Urban For. Urban Green. 13 (3), 
433–442. 

Sudha, P., Ravindranath, N.H., 2000. A study of Bangalore urban forest. Landsc. Urban 
Plan. 47 (1–2), 47–63. 

Tian, Z., Song, K., Da, L., 2015. Distribution patterns and traits of weed communities 
along an urban-rural gradient under rapid urbanization in Shanghai, China. Weed 
Biol. Manag. 15 (1), 27–41. 

Tilman, D., 1994. Competition and biodiversity in spatially structured habitats. Ecology 
75 (1), 2–16. 

Tilman, D., May, R.M., Lehman, C.L., Nowak, M.A., 1994. Habitat destruction and the 
extinction debt. Nature 371 (6492), 65–66. 

Von der Lippe, M., Kowarik, I., 2008. Do cities export biodiversity? Traffic as dispersal 
vector across urban–rural gradients. Divers. Distrib. 14 (1), 18–25. 

Wang, H.Y., Huang, Y., Wang, D.R., Chen, H., 2020. Effects of urban built-up patches on 
native plants in subtropical landscapes with ecological thresholds–A case study of 
Chongqing city. Ecol Indi 108, 105751. 

Wu, Z., 2006. Flora Yunnanica. Biostor, pp. 1–795. 
Yang, Y., Tian, K., Hao, J., Pei, S., Yang, Y., 2004. Biodiversity and biodiversity 

conservation in Yunnan, China. Biodivers. Conserv. 13 (4), 813–826. 
Ye, X., Skidmore, A.K., Wang, T., 2013. Within-patch habitat quality determines the 

resilience of specialist species in fragmented landscapes. Landsc. Ecol. 28 (1), 
135–147. 

Yong Xing, W., 2010. Research of Beijing Biodiversity Assessment. 
Zhao, S., Da, L., Tang, Z., Fang, H., Song, K., Fang, J., 2006. Ecological consequences of 

rapid urban expansion: shanghai, China. Front. Ecol. Environ. 4 (7), 341–346. 
Zhao, J., Ouyang, Z., Zheng, H., Zhou, W., Wang, X., Xu, W., Ni, Y., 2010. Plant species 

composition in green spaces within the built-up areas of Beijing, China. Plant Ecol. 
209 (2), 189–204. 

Zhu, Z., Roeder, M., Xie, J., Nizamani, M.M., Friedman, C.R., Wang, H., 2019. Plant 
taxonomic richness and phylogenetic diversity across different cities in China. Urban 
For. Urban Green. 39, 55–66. 

Z. Gao et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0340
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0340
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0340
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0340
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0345
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0345
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0345
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0350
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0355
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0355
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0360
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0360
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0360
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0365
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0365
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0365
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0370
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0370
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0375
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0375
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0375
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0380
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0380
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0385
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0385
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0385
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0390
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0390
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0395
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0395
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0400
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0400
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0405
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0405
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0405
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0410
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0415
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0415
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0420
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0420
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0420
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0425
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0430
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0430
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0435
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0435
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0435
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0440
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0440
http://refhub.elsevier.com/S1618-8667(21)00123-0/sbref0440

	Drivers of spontaneous plant richness patterns in urban green space within a biodiversity hotspot
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data collection
	2.3 Data analysis

	3 Results
	3.1 Patch features
	3.2 Bivariate relationship between richness and patch properties
	3.3 Non-linear prediction models for species richness

	4 Discussion
	4.1 Drivers of spontaneous species richness
	4.2 Response of different plant categories of species to the urban environment
	4.3 Guide for future urban greening space management

	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


