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Interplay of socio-economic and
environmental factors in shaping
urban plant biodiversity: a
comprehensive analysis
Hai-Li Zhang1,2†, Mir Muhammad Nizamani3†, Lin-Yuan Guo1,
Jianpeng Cui1, Josep Padullés Cubino4, Alice C. Hughes5*

and Hua-Feng Wang1,2*

1Collaborative Innovation Center of Nanfan and High‐Efficiency Tropical Agriculture, School of
Breeding and Multiplication, Hainan University, Sanya, China, 2Hainan Key Laboratory for Sustainable
Utilization of Tropical Bioresources, School of Life and Sciences, Hainan University, Haikou, China,
3Department of Plant Pathology, Agricultural College, Guizhou University, Guiyang, China, 4Centre for
Ecological Research and Forestry Applications (CREAF), Cerdanyola del Vallès, Spain, 5School of
Biological Sciences, University of Hong Kong, Hong Kong, Hong Kong SAR, China
Urban environments are dynamic landscapes shaped by a multitude of factors,

including environmental conditions and socio-economic influences. This study

systematically investigates how various factors shape urban plant diversity in

Haikou City, Hainan Province, China, focusing on 30 key drivers including socio-

economic aspects, biophysical conditions, landscape elements, and

management practices. Our research methodology involved a comprehensive

analysis of these factors’ impact on six types of urban plant species: spontaneous,

native spontaneous, exotic spontaneous, cultivated, native cultivated, and exotic

cultivated. Conducted in urban areas with varying population densities and

landscape features, our sampling approach aimed to understand the species’

distribution patterns. We discovered significant correlations between plant

species diversity and specific environmental and socio-economic variables.

Our results indicate that spontaneous species are prevalent in densely

populated areas with strong social ties, whereas areas rich in tree and shrub

cover see fewer such species. Native cultivated species favor more serene, less

urbanized landscapes, while exotic cultivated species are predominantly found in

economically affluent areas with diverse vegetation. These findings offer valuable

insights for urban planning and biodiversity conservation, emphasizing the need

for customized greening strategies that align with local environmental and social

contexts. By adopting such tailored approaches, urban planners can more

effectively manage landscapes, enrich green spaces, and foster biodiverse,

sustainable ecosystems. This research not only enhances our understanding of

urban plant biodiversity but also lays the groundwork for future studies and

policy-making, promoting harmonious integration of diverse plant life within

urban settings.
KEYWORDS

urban plant diversity, socio-economic factors, biophysical conditions, landscape
management, biodiversity conservation, urban planning, environmental influences
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1 Introduction

Urban Plant Diversity (UPD) critically enhances ecosystem

services and improves urban residents’ quality of life. It

contributes to local climate regulation, mitigates the urban heat

island effect, reduces noise and air pollution, and provides habitats

for diverse wildlife (Nowak et al., 2006; Zhou et al., 2011; Cohen

et al., 2014; Hobbie and Grimm, 2020; Wang et al., 2020; Pathak

et al., 2011). UPD is influenced by a combination of natural factors,

such as climate, soil, and topography, and anthropogenic factors,

including economic prosperity, urban site history, and land use

patterns (Clarke et al., 2013; Nizamani et al., 2023).

The ‘Luxury Effect’ hypothesis, proposed by Hope et al. (2003),

suggests that increased wealth in urban areas leads to greater

investment in urban plant landscapes, including more frequent

use of irrigation, fertilization, and pesticide application, which can,

in turn, enhance plant diversity (Padullés Cubino et al., 2019a). In

contrast, the ‘Legacy Effect’ hypothesis highlights the impact of an

urban site’s historical use on the composition and configuration of

current urban green spaces. This effect arises from the varied

accumulation of plant species over time, divergent growth

patterns, and past management practices (Clarke et al., 2013).

Land use in urban areas, reflecting economic and social functions,

significantly impacts UPD. Types of land use, such as roads, parks,

residential areas, educational institutions, and government

properties, have distinct effects on plant diversity (Dow, 2000;

Nielsen et al., 2014; Nizamani et al., 2021).

Urban Green Spaces (UGS) accommodate a diverse range of

species, encompassing spontaneous, native spontaneous, exotic

spontaneous, cultivated, native cultivated, and exotic cultivated

species. Spontaneous species are plants that proliferate naturally

in urban environments without requiring human intervention

(Nowak et al., 2006). Within this group, native spontaneous

species are indigenous plants that flourish naturally in urban

landscapes (Padullés Cubino et al., 2019b), whereas exotic

spontaneous species refer to non-native plants that have become

naturalized in urban settings (Del Tredici, 2010). Conversely,

cultivated species necessitate human management and care for

their growth and significantly contribute to urban greening and

horticulture. Native cultivated species, which are indigenous, are

cultivated and managed by humans (Hobbie and Grimm, 2020), in

contrast to exotic cultivated species that are introduced from other

regions and require human intervention to adapt and thrive in

new environments.

These varied types of urban plants each play distinct roles in

providing ecosystem services, conserving biodiversity, and

enhancing urban aesthetics. The simultaneous presence of

spontaneous and cultivated species underscores the complexity

and dynamism inherent in urban ecosystems (Clarke et al., 2013).

Comprehending these plant categories and their respective roles in

urban areas is imperative for effective urban planning, green space

management, and biodiversity conservation (Wang et al., 2020).

Such understanding enables more informed design and

maintenance of urban green spaces, thereby elevating the quality

of life for urban inhabitants and fostering the health and
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sustainability of ecosystems (Cohen et al., 2014). However,

academic studies often lack a clear distinction in the factors

influencing the distribution of both spontaneous and cultivated

species within urban contexts.

In this studywe aim to understand the drivers of spontaneous and

cultivated species diversity within the tropical coastal city of Haikou,

China, a significant regional port and the provincial capital of Hainan.

We conducted surveys across 190 urban functional units within

Haikou to (1) assess the patterns of diversity among native

spontaneous, exotic spontaneous, cultivated, native cultivated, and

exotic cultivated species in the city, and discern how these patterns

diverge for native and exotic species, and (2) identify the principal

drivers for diversity among urban spontaneous, native spontaneous,

exotic spontaneous, cultivated, native cultivated, and exotic cultivated

species. This study will improve our understanding of the factors

influencing UPD in tropical coastal cities and provide insights for the

refinement of UGS planning strategies.
2 Materials and methods

2.1 Study area

Located at 110°07′–110°42′E and 19°31′–20°04′N, Haikou is

characterized by a tropical climate and encompasses a total land

area of 3,126.83 km2 (Figure 1). Within this expanse, a densely

urbanized area spans 2,284.49 km2, as stated by official city records

(http://www.haikou.gov.cn). With a stable population of

approximately 2.87 million, Haikou recorded a Gross Domestic

Product (GDP) of around 1,791.58 billion Yuan (RMB) for the year

2020 (http://www.haikou.gov.cn). The city is notable for its

considerable green coverage, which constitutes 43.5% of its total

area (http://www.haikou.gov.cn). In recognition of its

environmental achievements, Haikou has been honored with the

titles of “National Environmental Protection Model City“ and

“National Garden City“ within China. It also gained international

acknowledgement in 2018 as one of the inaugural “International

Wetland Cities” by the United Nations International Wetland

Convention Organization. For the purpose of our study, the

urban core of Haikou was specifically delineated from its

surrounding suburban and rural areas. This distinction ensures

that the area under study exemplifies a typical urban landscape,

corroborating the findings of Wang et al. (2020). Geographically,

the demarcation of urban Haikou is bound by the Qiongzhou Strait

to the North, the Haikou Ring Expressway to the South, the Haikou

Nandu River to the East, and Huoshankou Road to theWest (Zhang

et al., 2022a; Zhang et al., 2022b).
2.2 Field surveys

Urban Functional Units (UFUs) are distinct segments within

urban areas, often serving as key units for measurement and

analysis in urban green space research. These units represent

various land use types and implement different strategies for
frontiersin.or
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establishing and maintaining green spaces, catering to the needs of

diverse stakeholders such as residents, government officials,

business owners, and tourists. In this study, we examined a total

of 190 UFUs, as initially defined and proposed by Table 1. This

involved 297 squares, each 1 km by 1 km, within which the 190

distinct UFUs were identified. For each functional unit, we

randomly selected three plots, measuring 20m x 20m, for tree

surveys. If a plot’s shape did not conform to the 20m x 20m

dimension, we surveyed all green spaces within it. At each corner

and the center of the 20m x 20m plot, a 5m x 5m area was

designated to assess the presence of shrubs. Due to the uneven

distribution of urban green space, some locations might lack shrubs

or have shrub areas smaller than 5m x 5m. Within each shrub area,

a 1m x 1m section was randomly chosen for herb analysis

(Supplementary Figure S1).

Field plot surveys were conducted from June to August 2020.

Within each plot, taxonomic nomenclatures were standardized in

accordance with the “Chinese Flora” and “The Plant List” (http://

www.theplantlist.org/) (Francisco-Ortega et al., 2010). Species were

categorized as spontaneous (Figure 2), native spontaneous

(Figure 3), exotic spontaneous (Supplementary Figure S2),

cultivated (Supplementary Figure S3), native cultivated

(Supplementary Figure S4), and exotic cultivated (Supplementary

Figure S5) based on the “Hainan Flora”. For unidentified species,

identification was facilitated through the Huabanlv software (http://

www.aiplants.net/), supplemented by consultations with botanical

experts from Hainan University for precise species identification

and classification (Figure 4).
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2.3 Landscape indices

For each of the 190 grid cells, we conducted an assessment of the

land cover types using remote sensing. Utilizing a 30-meter spatial

resolution remote sensing imagery dated June 23, 2020, sourced from

Landsat 8, we implemented a supervised classification within the

Environment for Visualizing Images 5.3 (ENVI 5.3; L3Harris

Geospatial, Colorado, United States) to categorize Haikou’s land

cover into distinct classes: built-up area, herbaceous (herb) area, tree

and shrub area, water area, and undeveloped land (i.e., barren or open

land), achieving an overall classification accuracy of 81%. Upon

completion of this process, the classified map was utilized as input

for FRAGSTATS 4.2.1, adhering to the methodology delineated by

Cheng and Nizamani (2020), to compute nine pattern indicators of

landscape organization, which are detailed in Table 2. Subsequently,

we delved into examining the impact of these indices on broader

vegetational patterns of the landscape, particularly in association with

spontaneous, cultivated, native, and exotic species.
2.4 Collection of data for socio-economic
variables, biophysical factors, and urban
green space management

We measured socio-economic, biophysical, and urban green

space management factors as proxies for drivers of diversity under

the luxury effect, legacy effect, land use effect hypotheses. The socio-

economic variables that we measured comprised housing price,
FIGURE 1

Geographic location of the study area Haikou. The Google satellite map of the main urban area of Haikou (https://www.google.com/maps) with red
boundaries delineating the 190 Urban Functional Units (UFUs) surveyed in this study.
frontiersin.org

http://www.theplantlist.org/
http://www.theplantlist.org/
http://www.aiplants.net/
http://www.aiplants.net/
https://www.google.com/maps
https://doi.org/10.3389/fevo.2024.1344343
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Zhang et al. 10.3389/fevo.2024.1344343

Frontiers in Ecology and Evolution 04
construction age, and human population density, all of which we

obtained through the official national website of China (http://

www.stats.gov.cn/tjsj/). For biophysical factors, we used GPS to

determine the latitude and longitude of each grid cell centroid.

ENVI 5.3 to determine the distance between species and the nearest

main road and freshwater source. The traffic flow rate is calculated

by measuring the number of vehicles in the area per minute. The

urban management factors comprised the annual frequency of

fertilization, maintenance (average annual cleaning rates, pulling

up weeds, trimming), and watering. To obtain these measures, we

interviewed maintenance workers and, if possible, the owner of the

green space containing the vegetation plot (Supplementary Table

S1). If the plot represented wasteland, we recorded the absence of

maintenance work as zero.
2.5 Statistical analysis

In this study, we examined various potential predictors that

influence species diversity. These predictors include landscape

organization, socio-economic factors, biophysical variables, and

maintenance variables. The species diversity under study is

categorized into six different types: spontaneous, cultivated, native

spontaneous, exotic spontaneous, native cultivated, and exotic

cultivated species. Each of these categories serves as a separate

response variable (Supplementary Table S1).

Initially, all predictor variables were standardized using the z-

score method. Outliers, identified as those with a z-score greater

than 3.0 or less than -3.0, were removed in accordance with the

guidelines provided.

For data analysis, we employed a two-step linear model (LM)

approach. In the first step, simple LMs were constructed pairing

each predictor with each response variable. In the second step,

multiple LMs were executed, including only those predictor

variables that had p-values less than 0.05 in the simple LMs. The
A B

D E F

C

FIGURE 2

Examples of spontaneous species within different urban functional units. (A) Hedyotis corymbosa (Linn.) Lam. (B) Cynodon dactylon (Linn.) Pers.
(C) Stachytarpheta jamaicensis (Linn.) Vahl (D) Passiflora foetida L. (E) Portulaca pilosa Linn. (F) Galinsoga pariflora Cav.
TABLE 1 Sampling of types of land uses in Haikou according to the
primary and secondary urban function units (UFUs) represented by 190
20m x 20m grid cells.

Primary
type
of UFUs

Secondary
types of UFUs

Number
of plots

Percentage
of plots

Public affairs
service districts

Governmental
Agencies

18
9.47

Colleges/Universities 7 3.68

Primary/
Middle Schools

18
9.47

Research Institutes 4 2.1

Hospitals 12 6.31

Industry and
business districts

Industry 12 6.31

Hotels 11 5.78

Industrial Offices 9 4.73

Supermarkets 3 1.57

Residential
districts

Low-Density
Residential Areas

5
2.63

(< 6 stories)

High-Density
Residential Areas

43
22.63

(> 6 stories)

Recreation and
leisure districts

Parks 7 3.68

Museums 5 2.63

Transportation

Main/
Secondary Roads

28
1.47

Bus Parking 5 2.63

Undeveloped
land

Sandland 3
1.57
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best-fitting model was then selected based on the Akaike

Information Criterion (AIC). All statistical analyses were

conducted using R version 4.1.0 (R Foundation for Statistical

Computing, Vienna, AT). This was followed by Fisher’s Least

Significant Difference (LSD) test to make pairwise comparisons

among secondary land use types.
3 Results

3.1 Landscape patterns and spontaneous
and cultivated plant species diversity
in Haikou

In the secondary UFUs, the largest distributions of both native

and cultivated species were found in research institutions (within

the public affairs service districts primary type of UFU) (Figure 5).

The largest distributions of spontaneous species, and native

spontaneous species were found in hospitals (within the public

affairs service districts primary type of UFU). The largest number of

exotic species, and exotic spontaneous species, were found in

colleges/universities (within the public affairs service districts

primary type of UFU), while the largest distribution of native

species was found in research institutions.
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3.2 Drivers of spontaneous and cultivated
plant species richness

Industry and business districts (b=3.120***), LSI (b= 1.267**),

Tree species (b= 1.030***), Shrub species (b= 0.565**) and Herb

species (b= 0.685***) were significantly positively correlated with

the number of spontaneous species. The number of the spontaneous

species was negatively correlated to NP (b= -0.975*), COHESION

(b= -0.765**), Trees and shrubs area (b= -3.359***) (Table 3).

Industry and business districts (b= 1.733***), LSI (b= 1.060**),

Tree species (b= 0.546***) and Shrub species (b= 0.262*) were

significantly positively correlated with the number of native

spontaneous species. The number of native spontaneous species

was negatively correlated to COHESION (b= -0.573**), SPLIT (b=
-0.506*) and Trees and shrubs area (b= -1.657 *) (Table 3).

Industry and business districts (b= 1.330***), Tree species

(b= 0.604***), Shrub species (b= 0.272*), Herb species

(b=0.707***) and Greening percentage (b=0.359**) were

significantly positively correlated with the number of exotic

spontaneous species. The number of exotic spontaneous species

was negatively correlated to CONNECT (b= -0.215*) and Trees and

shrubs area (b= -2.877***).

Industry and business districts (b=3.789***), SPLIT

(b= 0.594**), Tree species (b= 1.011***), Herb species
A B

D E F

C

FIGURE 3

Examples of native spontaneous species within different urban functional units. (A) Ananas comosus. (B) Terminalia catappa Linn. (C) Cardiospermum
halicacabum L. (D) Euphorbia hirta Linn. (E) Ficus microcarpa L. f. (F) Sphagneticola calendulacea (L.) Pruski.
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(b= 0.807***) and Greening percentage (b=0.334*) were

significantly positively correlated with the number of cultivated

species. The number of the cultivated species was negatively

correlated to Recreation and leisure districts (b= -2.178**), PD

(b= -0.597**), LSI (b= -1.053**),Latitude (b< -0.001***) and Herb

area (b= -1.037*) (Table 3).

Industry and business districts (b=1.184***), Herb species

(b= 0.415***) and Trees and shrubs area (b=1.559**) were

significantly positively correlated with the number of native

cultivated species. The number of the native cultivated species was

negatively correlated to Recreation and leisure districts (b= -1.679**),

LSI (b= -0.384 *), Latitude (b= -1.342 **) and AGB (b= -0.569 *).

Industry and business districts (b=2.457***), Split (b=0.481**),
Housing price (b= 0.307*), Tree species (b=0.915***) and Herb

species (b=0.387**) were significantly positively correlated with the

number of exotic cultivated species. The number of the exotic
Frontiers in Ecology and Evolution 06
cultivated species was negatively correlated to PD (b= -0.501**), LSI

(b= -0.731**) and Latitude (b= -2.200 **).
3.3 Drivers of spontaneous and cultivated
species richness in different UFUs

The number of the spontaneous species was significantly

positively correlated to PD (b = 2.706**), COHESION

(b = 2.171*), Tree species (b = 1.344***), and Shrub species

(b = 1.064*) in Public affairs service districts (Tables 4, 5). The

number of the spontaneous species was significantly positively

correlated to SPLIT (b = 3.521**), PR (b = 3.401*), Distance from

main road (b = 1.593**), Fertilizing frequency (b = 2.613**),

Distance from fresh water (b = 1.682**), Tree species

(b = 2.726**) and Built-up area (b = 6.828*) in Residential districts.
A B

D

E F

C

FIGURE 4

Distributions (A) spontaneous species, (B) cultivated species, (C) native spontaneous species, (D) exotic spontaneous species, (E) native cultivated
species, and (F) exotic cultivated species within Haikou in the 190 UFUs investigated in this study.
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In Residential districts, the number of the spontaneous species was

negatively correlated to NP (b= -5.512*), Housing price (b = -0.784*),

Population.density (b = -3.494*), Maintenance frequency (b =

-2.221***), and Sandland area (b = -24.666**).

The number of cultivated species was significantly positively

correlated to Maintenance frequency (b = 0.034*), Distance from fresh

water (b = 1.254**), Herb species (b = 0.584 *),Water area (b = 5.969*),

Built-up area (b = 8.254**), Greening percentage (b = 0.754*, and AGB

(b = 13.793*) in Public affairs service districts. In Public affairs service

districts, thenumberof thecultivated specieswasnegatively correlated to

PD (b = -0.908*), and Trees and shrubs area (b = -17.083***).

The number of the cultivated species was significantly positively

correlated to SHEI (b = 3.344*), Tree species (b = 1.323***), Herb

species (b = 1.062**), Water area (b = 15.589**), and Sandland area

(b = 11.644**) in Residential districts. In Residential districts, the

number of the cultivated species was negatively correlated to

LSI (b = -1.577*), Construction age (b = -2.973***), Latitude

(b = -6.842**), and Fertilizing frequency (b = -1.619*).
3.4 Drivers of native spontaneous and
exotic spontaneous richness in
different UFUs

The number of native spontaneous species in Public Affairs

Service districts showed a significant positive correlation with

Traffic Flow (b = 0.892*) (Supplementary Table S2). Conversely,

in these districts, the number of native spontaneous displayed a

negative correlation with both Population Density (b = -1.115*) and

Greening Percentage (b = -0.929**).

In Residential districts, the number of native spontaneous species

exhibited a significant positive correlation with PR (b = 2.205*), SHEI

(b = 5.646*), Distance fromMain Road (b = 0.818*), and Tree Species

(b = 1.493*). Conversely, the number of native spontaneous

species was negatively correlated with NP (b = -4.317*),
Frontiers in Ecology and Evolution 07
CONNECT (b = -1.506*), Construction Age (b = -3.831*), and

AGB (b = -1.465*).

The number of exotic spontaneous species in Public Affairs

Service districts showed a significant positive correlation with PD

(b = 2.183*) and Shrub species (b = 0.800**) (Supplementary Table

S3). Conversely, in these districts, the number of exotic spontaneous

displayed a negative correlation with Traffic Flow (b = -0.705*).

In Residential districts, the number of exotic spontaneous

species exhibited a significant positive correlation with CONNECT

(b = 0.124**), SPLIT (b = 1.952***), Construction Age (b = 3.220***),

Dis tance from Main Road (b = 0.703*) , Fer t i l iz ing

frequency (b =2.040**), Watering frequency (b =0.644*),

and AGB (b =1.168*), Tree Species (b = 0.768***), Herb Species

(b = 0.768***). Conversely, the number of exotic spontaneous species

was negatively correlated with SHEI (b = -4.319**), Housing

price (b = -0.600*), Traffic flow (b = -0.676**), Maintenance

frequency (b = -1.985***), Shrub species (b = -1.418***), and

Sandland area (b = -15.484***).
3.5 Drivers of native cultivated and exotic
cultivated richness in different UFUs

The number of native cultivated species in Public Affairs Service

districts showed a significant positive correlation with PR

(b =0.795**), SHEI (b =1.758*), Construction age (b =0.886***),

Distance fromMain Road (b = 0.632***), Distance from fresh water

(b = 0.915***), Greening percentage (b = 0.504**), and AGB

(b = 12.462***) (Supplementary Table S4). Conversely, in these

districts, the number of native cultivated displayed a negative

correlation with both Population Density (b = -0.022*), Watering

frequency (b = -0.688***), Tree species (b = -0.595***), Trees and

shrubs area (b = -3.478*), and Water area (b = -5.040***).

In Residential districts, the number of native cultivated species

exhibited a significant positive correlation with NP (b = 2.889*),
TABLE 2 Descriptions of metrics of patterns in landscape organization used in this study.

Landscape index Definition (Cheng and Nizamani, 2020) Formulas

Patch number (NP) The total count of patches within a specific landscape type NP =   ni

Patch density (PD) The frequency of patches per unit area in a given landscape type. PD =
  ni
A

  (1000)(100)

Landscape shape
index (LSI)

A metric indicating variations in the shape of the landscape. LSI   =
  0:25E

2
ffiffiffiffi
A

p

Connectance
Index (CONNECT)

The degree of functional linkages or connectivity among patches CONNECT = oni
j>kcijk

ni(ni−1)
2

" #

Splitting index (SPLIT) A measure of the degree of landscape division or fragmentation SPLIT =
A2

om
i=1on

j=1a
2
ij

PR (Patch richness) An evaluation of the diversity of patch types present within a landscape
PR = n, where n is the total number of distinct patch

types within the landscape.

Shannon’s evenness
index (SHEI)

A measure of landscape richness, assessing the distribution and abundance of
different patch types SHEI =  

−on
j (pi � ln pi)

ln n

Patch
cohesion (COHESION)

The degree of structural and functional connectedness of patches, reflecting the
connectivity of a plant’s habitat

COHESION = 1 − on
j=1pij

on
j=1pij   ffiffiffiffi

aij
p �½1 − 1ffiffiffiffi

A
p

" #−1

�100
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Construction age (b =2.312*), Population density (b = 1.986*), and

Herb Species (b = 0.748**). Conversely, the number of native

cultivated species was negatively correlated with PD (b = -2.197*),

COHESION (b = -2.200*), PR (b = -1.405*), and SHEI

(b = -1.658*).

The number of exotic cultivated species in Public Affairs Service

districts showed a significant positive correlation with Housing

price (b =0458*), Tree species (b = 0.960***), Herb Species
Frontiers in Ecology and Evolution 08
(b = 0.509*), Water area (b = 4.960*), and Built-up area (b =

4.175*) (Supplementary Table S5). Conversely, in these districts, the

number of native cultivated displayed a negative correlation

with both PD (b = -2.467*), CONTAG (b = -2.365*),

COHESION (b = -2.043*), PR (b = -0.726*), SHEI (b = -2.797*),

Construction age (b = -0.977**), and Latitude (b = -2.572*).

In Residential districts, the number of exotic cultivated species

exhibited a significant positive correlation with SHEI (b = 2.938*),
FIGURE 5

The distribution of different plant species in secondary UFUs. (a, b) represent significant differences determined by Fisher’s least significant differences
(LSD) test at the a= 0.05 level.
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TABLE 3 Results from regression models predicting the number of spontaneous and cultivated plants.

species

=138)

Native cultivated
species
(R2 =
0.156**, N=138)

Exotic cultivated
species
(R2 =
0.444***, N=138)

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

<0.001
***

1.184 <0.001
***

2.457 <0.001
***

– – – – –

0.575 -0.086 0.700 – –

0.009** -1.679 0.002** – –

0.179 0.147 0.540 – –

0.680 -0.063 0.789 – –

– – – – –

0.002** – – -0.501 0.004**

0.003** -0.384 0.020* -0.731 0.007**

– – – – –

0.149 – – 0.221 0.079.

– – – – –

0.002** – – 0.481 0.006**

– – – – –

– – – – –

– 0.287 0.127 -0.352 0.113

– – – – –

– – – 0.307 0.031*

– – – – –
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0
9

Predictors

Spontaneous
species
(R2 =
0.439***, N=138)

Native
spontaneous
species
(R2 =
0.254**, N=138)

Exotic spontane-
ous species
(R2 =
0.417***,N=138)

Cultivated
(R2 =
0.483***, N

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

(Intercept)
3.120 <0.001

***
1.733 <0.001

***
1.330 <0.001

***
3.789

Primary UFU types

Industry and
business districts

– – – – – – –

Public affairs
service districts

– – – – – – -0.184

Recreation and
leisure districts

– – – – – – -2.178

Residential districts – – – – – – -0.508

Transportation – – – – – – -0.156

Landscape index

NP -0.975 0.035* -0.515 0.121 – – –

PD – – – – – – -0.597

LSI 1.267 0.009** 1.060 0.003** – – -1.053

CONTAG – – – – -0.176 0.083. –

CONNECT – – – – -0.215 0.025* 0.207

COHESION -0.765 0.007** -0.573 0.006** – – –

SPLIT -0.536 0.054. -0.506 0.014* – – 0.594

PR – – – – – – –

SHEI – – – – – – –

Socioeconomic
variables

Construction age (years) – – – – – – –

Population density
(inhabitants/km2)

– – – – – – –

Housing price
(CNY/Yuan)

– – – – – – –

Greening
management factors

Fertilizing frequency
(times/year)

– – – – – – –
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TABLE 3 Continued

cies

38)

Native cultivated
species
(R2 =
0.156**, N=138)

Exotic cultivated
species
(R2 =
0.444***, N=138)

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

– – – – –

– – – – –

– – – – –

– – – – –

<0.001
***

-1.342 0.007** -2.209 0.002**

– – – – –

0.055. – – -0.242 0.058.

<0.001
***

– – 0.915 <0.001
***

– – – – –

<0.001
***

0.415 <0.001
***

0.387 0.007**

– 1.559 0.004** – –

0.045* -0.569 0.076. – –

– – – – –

0.130 – – – –

– – – – –

0.015* – – – –

– -0.569 0.022* 0.621 0.078.
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Predictors

Spontaneous
species
(R2 =
0.439***, N=138)

Native
spontaneous
species
(R2 =
0.254**, N=138)

Exotic spontane-
ous species
(R2 =
0.417***,N=138)

Cultivated sp
(R2 =
0.483***, N=

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

Maintenance frequency
(times/year)

– – – – -0.187 0.142 –

Watering frequency
(times/year)

– – – – 0.166 0.171 –

Geographical factors

Distance from fresh
water (m)

– – – – – – –

Longitude – – – – – – –

Latitude
– – – – – – -2.658

Distance from main
road (m)

– – – – – – –

Traffic flow – – – – – – -0.280

Plant richness

Tree species
1.030 <0.001

***
0.546 <0.001

***
0.604 <0.001

***
1.011

Shrub species
0.565 0.001

**
0.262 0.047* 0.272 0.025* –

Herb species
0.685 0.001** – – 0.707 <0.001

***
0.807

Land use factor

Trees and shrubs.
area

-3.359 <0.001
***

-1.657 0.024* -2.877 <0.001
***

–

Herb area – – 0.724 0.070. – – -1.037

Water area – – – – – – –

Built.up area 0.947 0.131 – – 0.799 0.054. 0.837

Sandland area – – – – – – –

Greening
percentage

– – -0.204 0.084. 0.359 0.002** 0.334

Above Ground
Biomass (AGB)

– – – – – – –

The undeveloped land types of UFU were excluded from the models because of their low sample size (n=3). “-” indicates that the variable was not included in the final model.
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
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TABLE 4 Results from regression models predicting the number of spontaneous species.

N=4)
Residential districts
(R2 = 0.78 **, N=35)

Transportation
(N=25)

lue
b
coefficient

P-
value

b
coefficient

P-
value

-1.352 0.456 – –

-5.512 0.022* – –

4.717 0.075. – –

-2.977 0.198 – –

– – – –

-0.828 0.084. – –

5.561 0.105 – –

3.521 0.008** – –

3.401 0.019* – –

2.361 0.264 – –

-1.681 0.361 – –

-3.494 0.032* – –

-0.784 0.026* – –

2.613 0.007** – –

-2.2219 <0.001*** – –

0.386 0.454 – –

1.682 0.009** – –

– – – –

4.784 0.052. – –

1.593 0.001** – –

-0.624 0.080. – –

2.726 0.001** – –
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Predictors

Industry and business
district (N=29)

Public affairs service
districts
(R2 = 0.58 ***, N=44)

Recreation and
leisure districts (

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
va

(Intercept)
– – 3.123 <0.001

***
– –

Landscape index

NP – – – – – –

PD – – 2.706 0.002** – –

LSI – – – – – –

CONTAG – – – – – –

CONNECT – – – – – –

COHESION – – 2.171 0.023* – –

SPLIT – – – – – –

PR – – – – – –

SHEI – – – – – –

Socioeconomic variables

Construction age (years) – – – – – –

Population density
(inhabitants/km2)

– – – – – –

Housing price (CNY/Yuan) – – -0.685 0.053. – –

Greening
management factors

Fertilizing frequency (times/year) – – 0.797 0.154 – –

Maintenance frequency
(times/year)

– – – – – –

Watering frequency (times/year) – – – – – –

Geographical factors

Distance from fresh water (m) – – – – – –

Longitude – – – – – –

Latitude – – – – – –

Distance from main road (m) – – -0.512 0.190 – –

Traffic flow – – – – – –

Plant richness Tree species – – 1.344 <0.001*** – –
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TABLE 4 Continued

y and business
(N=29)

Public affairs service
districts
(R2 = 0.58 ***, N=44)

Recreation and
leisure districts (N=4)

Residential districts
(R2 = 0.78 **, N=35)

Transportation
(N=25)

ient
P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

– 1.064 0.004** – – -0.690 0.134 – –

– – – – – – – – –

– – – – – – – – –

– – – – – – – – –

– – – – – -7.255 0.243 – –

– – – – – 6.828 0.036* – –

– – – – – -24.666 0.003** – –

– – – – – 0.969 0.081 – –

– – – – – -0.615 0.390 – –

from the models because of their low sample size. - indicates that the variable was not included in the final model.
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Predictors

Industr
district

b
coeffic

Shrub species –

Herb species –

Land use factor

Trees and shrubs area –

Herb area –

Water area –

Built-up area –

Sandland area –

Greening percentage –

Above Ground Biomass (AGB) –

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
The undeveloped and recreation and leisure districts’ land types of UFU were excluded
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TABLE 5 Results from regression models predicting the number of cultivated species.

(N=4)
Residential districts
(R2 = 0.73***, N=35)

Transportation
(N=25)

-
alue

b
coefficient

P-
value

b
coefficient

P-
value

5.090 <0.001
***

– –

-1.231 0.202 – –

– – – –

-1.577 0.012* – –

1.923 0.124 – –

– – – –

– – – –

3.344 0.019* – –

-0.662 0.103 – –

– – – –

-2.973 <0.001
***

– –

– – – –

0.315 0.345 – –

-1.619 0.034* – –

0.642 0.145 – –

-0.458 0.187 – –

-0.908 0.059 – –

– – – –

-6.842 0.003** – –

– – – –

– – – –
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Predictors

Industry and business
district (N=29)

Public affairs service
districts
(R2 = 0.57 ***, N=44)

Recreation and
leisure districts

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

(Intercept)
– – 4.748 <0.001

***
–

Landscape index

NP – – – – –

PD – – -0.908 0.036* –

LSI – – – – –

CONTAG – – -1.747 0.184 –

CONNECT – – – – –

COHESION – – – – –

SPLIT – – – – –

PR – – – – –

SHEI – – -1.665 0.204 –

Socioeconomic variables

Construction age (years)
– – – – –

Population density
(inhabitants/km2)

– – – – –

Housing price (CNY/Yuan) – – 0.454 0.142 –

Greening
management factors

Fertilizing frequency (times/year) – – – – –

Maintenance frequency
(times/year)

– – 0.508 0.034* –

Watering frequency (times/year) – – -0.349 0.215 –

Geographical factors

Distance from fresh water (m) – – 1.254 0.001** –

Longitude – – – – –

Latitude – – – – –

Distance from main road (m) – – 0.607 0.052. –

Traffic flow – – – – –
P
v

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–
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TABLE 5 Continued

usiness
)

Public affairs service
districts
(R2 = 0.57 ***, N=44)

Recreation and
leisure districts (N=4)

Residential districts
(R2 = 0.73***, N=35)

Transportation
(N=25)

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

b
coefficient

P-
value

– -17.083 <0.001
***

– – 1.323 <0.001
***

– –

– – – – – – – – –

– 0.584 0.026* – – 1.062 0.004** – –

– – – – – – – – –

– – – – – – – – –

– 5.969 0.043* – – 15.589 0.004** – –

– 8.254 0.001** – – 1.330 0.228 – –

– -3.425 0.091. – – 11.644 0.003** – –

– 0.754 0.031* – – 0.549 0.059. – –

– 13.793 0.025* – – -0.672 0.110 – –

odels because of their low sample size. - indicates that the variable was not included in the final model.
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Predictors

Industry and
district (N=29

b
coefficient

Plant richness

Tree species
–

Shrub species –

Herb species –

Land use factor

Trees and shrubs area –

Herb area –

Water area –

Built-up area –

Sandland area –

Greening percentage –

Above Ground Biomass (AGB) –

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
The undeveloped and recreation and leisure districts’ land types of UFU were excluded from the
b

m
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Tree Species (b = 0.953***), Shrub Species (b = 0.710*), and

Sandland area (b = 2.938*). Conversely, the number

of exotic cultivated species was negatively correlated with NP

(b = -1.615**), and Construction age (b = -3.421***).
4 Discussion

Major differences existed in the plant diversity in different

UFUs. Public affairs service districts and research institutions host

high abundance of both native and cultivated species. This

prevalence could be attributed to a multifaceted approach to

landscaping that aims to fulfil both aesthetic and research-

oriented objectives. Unlike other UFUs, research institutions often

have specialized botanical gardens or green spaces (Wolch

et al., 2014).

Hospitals also hosted high species richness, possibly as these

spaces may also include areas for resting and restoration (Anderson

and Minor, 2019; Zhang et al., 2023a; Zhang et al., 2023b).

Colleges and universities host the highest number of exotic and

exotic spontaneous species. This phenomenon can be primarily

attributed to the educational and research missions of these

institutions. The management of exotic species in educational

settings requires a balanced approach that accounts for both their

educational value and their ecological impact.

Spontaneously growing species are more diverse in industrial

and business districts (Zhang et al., 2023a). Conversely, these

species appear to be less prevalent in wealthy neighborhoods,

likely because of increased management investment (active

removal and use of agrochemical sprays).

Both native and exotic cultivated species are common in

business and industrial contexts, they show a negative

relationship with areas designed for recreation and with regions

of high population density, possibly due to high competition for

space. Exotic cultivated species also show a positive correlation with

higher housing prices. Wealthier neighborhoods may have the

resources to invest in exotic and potentially more expensive plant

varieties (Zhang et al., 2022a). them ideal habitats for various kinds

of spontaneous plant growth (Salinitro et al., 2018). In residential

districts spontaneously growing species are less common in areas

where housing prices are high (Hope et al., 2003).

Native cultivated species in Public Affairs Service Districts

showed a significant positive correlation with parks and

recreation areas, socio-economic health index, and construction

age, among other factors). In residential districts, native cultivated

species are positively correlated with vegetation cover, and

construction age. Exotic cultivated species in Public Affairs

Service Districts displayed a positive correlation with factors like

housing price and species diversity (both trees and herbs), but a

negative correlation with social cohesion and construction age. This

could suggest that these species are often found in more affluent

areas that have been deliberately landscaped to include a variety of

plant life. However, they seem less compatible with older, more

socially cohesive environments, perhaps due to different landscape

management priorities in such areas (With, 2002).
Frontiers in Ecology and Evolution 15
For residential districts, exotic cultivated species were positively

correlated with the socio-economic health index (SHEI) and a

diversity of tree and shrub species. This suggests that wealthier

neighborhoods may have more resources to invest in diverse and

exotic landscaping. However, these species are less likely to be found

in older or natural landscapes, possibly indicating that they are

more dependent on human-mediated landscaping practices for

their survival and propagation (Hope et al., 2003; Cheng and

Nizamani, 2020). This trend highlights the influence of human

activities on urban biodiversity and underscores the importance of

considering ecological factors in urban planning and

landscape management.

This comprehensive study highlights the crucial role of various

UFUs and urban factors in shaping urban biodiversity. It

underscores the need for a nuanced approach in urban planning

and biodiversity conservation, emphasizing the importance of

considering the unique environmental conditions and socio-

economic factors of each UFU. Urban planners are thus

encouraged to integrate these insights into designing urban spaces

that support diverse ecosystems and contribute to human well-

being. The findings advocate for a holistic approach that considers

the intricate interplay of natural and anthropogenic factors in urban

biodiversity (Elmqvist et al., 2013). This approach is essential for

developing sustainable urban landscapes that are both ecologically

rich and socially inclusive.
4.1 Policy guideline

1. Encourage the development of a range of urban

environments, from business districts to public service areas, with

diverse landscaping practices. This approach should cater to

different species’ needs, supporting a variety of native, exotic,

spontaneous, and cultivated plants.

2. Urban planning policies should mandate the inclusion of

green spaces in both new and existing urban developments. These

spaces, as shown in your study, are crucial for supporting

biodiversity, especially in industry and business districts.

3. Develop urban design standards that focus on biodiversity

conservation. This includes planting native species, creating

habitats for spontaneous species, and ensuring a balance between

built-up and green areas. This policy should consider the different

requirements of residential and public affairs service districts.

4. Establish ecological corridors and networks to connect

various green spaces and habitats within the city. This

connectivity is vital for the movement and health of urban

biodiversity, especially in areas negatively correlated with

biodiversity, such as those with high building density.

5. Adjust zoning regulations to promote biodiversity. This could

involve restrictions on the extent of impervious surfaces,

requirements for tree and shrub planting in new developments,

and preservation of existing natural habitats.

6. Foster community participation in urban greening initiatives.

Communities can play a crucial role in maintaining urban

biodiversity, especially in residential areas where private gardens
frontiersin.org
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and community green spaces can significantly contribute to

local ecosystems.

7. Establish monitoring programs to track changes in urban

biodiversity, focusing on the species distribution across different

UFUs. This data can inform adaptive management strategies and

policy adjustments as needed.

8. Implement educational programs for stakeholders, including

urban planners, developers, and the general public, about the

importance of biodiversity in urban areas and the role they can

play in its conservation.

9. Encourage collaboration between researchers, policymakers,

and urban planners. The complex nature of urban ecosystems

requires interdisciplinary approaches to develop effective

biodiversity conservation strategies.

10. Ensure that urban biodiversity conservation is an integral

part of broader urban sustainability and climate resilience goals.

This integrated approach will help in addressing multiple

environmental challenges concurrently.
5 Conclusion

The study offers valuable insights into the intricate relationships

between various plant species and an array of environmental and

socio-economic factors in both Public Affairs Service Districts and

Residential Districts. Understanding these relationships is not

merely an academic exercise; it has real-world implications for

urban planning and biodiversity conservation. The findings could

be leveraged to enhance urban green spaces in a way that is both

socially beneficial and ecologically sustainable. This nuanced

understanding of plant species distribution based on localized

conditions is crucial for crafting effective conservation policies.
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