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Abstract

As urbanization rapidly progresses, the ecological resilience and health of urban parks
and green spaces face significant threats, underscoring the crucial need for effective ecological quality
assessments. This study developed a comprehensive evaluation system, uniquely designed with sixteen
indicators across four dimensions — community composition, structure, succession, and disturbance — to
systematically assess the near-naturalness of 87 urban park plant communities in central Hefei and to
explore the influencing factors. Employing comprehensive index and random forest algorithms, we find
the near-naturalness index ranging from 0.135 to 0.752, categorizing only 18.39% of samples as ‘near-
natural’ or ‘semi-natural,” while a majority, 81.61%, fell into ‘far-natural’ or ‘artificial’ categories. Ideal
near-natural conditions emerged in settings with 5 to 10 dead plants, litter cover of 10 to 30%, 10 to 15
species, and mild natural disturbances. Our findings indicate that the overall near-naturalness in Hefei’s
urban green spaces is moderate to low, suggesting a need for focused enhancements in community
succession and structural adjustments. This research establishes a novel framework for advancing urban
green space ecological planning and sustainable development, providing fresh insights and a robust
scientific basis for enhancing the ecological quality of urban parks and green spaces.
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Introduction

Rising living standards, coupled with societal
and economic advancements, have fueled public interest
in ecological urban development as urbanization progresses.
Urban garden greenery, a unique ecological component
within cities, plays a crucial role in enhancing urban
environmental quality and maintaining ecological balance
[1]. Currently, expectations for urban garden greenery have
evolved beyond its traditional recreational and aesthetic
roles to include preserving ecological balance, protecting
biodiversity, and mirroring natural environments. This shift
has sparked significant interest among scholars in and outside
China in the concept of near-natural gardens, which
emulate natural zonal plant communities by combining
human-engineered techniques with the natural growth
patterns of plants [2, 3]. This approach notably enhances
the scientific and artistic qualities of plant communities,
thereby fully capturing the essence of regional characteristics
[4, 5]. It effectively maintains ecosystem stability, enhances
biodiversity in green areas, and promotes ecosystem self-
regulation [6, 7]. The concept has recently become a key
focus in the research of plant landscape design in green spaces
[8] and is increasingly seen as vital for addressing challenges
in urban green space plant community development [9, 10].
Consequently, the construction of near-natural gardens is
poised for widespread future application.

International studies on near-natural gardens can be
traced back to Gayer’s 1869 concept of close-to-nature
forestry, which emphasizes sustainable forest utilization
[11]. This has led to the development of theories such
as potential natural vegetation [12] and Miyawaki
forestry methods [13, 14], which have significantly
enhanced regional biodiversity and ecosystems [15-17].
The concept of near-natural gardens in China has its roots
in the philosophy of classical gardens, which embody
the notion of being “created by humans yet appearing as
if crafted by nature.” This concept emerged in the context
of the urbanization wave in the late 20th century when
Qi Xinhua, along with others, pioneered the near-natural
garden concept, drawing inspiration from the core principles
of near-natural forestry [18]. Over recent years, Chinese
researchers have intensively pursued theoretical studies
and practical applications of near-natural gardens. Their
work has primarily focused on developing research on
models [19, 20] and methods [21, 22] for constructing near-
natural communities. Assessing the degree of naturalness
is crucial for evaluating the quality of plant communities
in near-natural gardens and for the high-quality
development of urban garden greenery. Originating in forest
management, such assessments typically result in zoning
forest areas and exploring diverse management models for
different vegetation states. This method is widely used to
assess the natural conservation value, current forest states,
and develop forest management plans [23, 24]. Evaluation
techniques range from qualitative and quantitative to
a combination of both. Initial studies on forest naturalness
primarily focused on qualitative evaluations, often
lacking criteria selection and evaluation frameworks [25].

Popular methods include the comprehensive index method
[26], the analytical hierarchy process [27, 28], and grey
relational analysis [29], each differing in focus, scale,
and criteria selection. Subsequently, quantitative methods
were introduced [30], primarily involving the calculation
of a composite number by assigning indicator weights
to assess the naturalness of forests [31, 32]. Scholars
have explored combining qualitative and quantitative
evaluations by initially using quantitative methods to
calculate a naturalness index, and then classifying grades
based on this index [33, 34]. Current studies assessing
naturalness primarily focus on protected areas, such as
extensive forest vegetation zones [35] and nature reserves
[36, 37]. However, research on the naturalness of urban
forests, particularly in urban green spaces where human
interference is significant, remains scarce.

Hefei, designated as one of China’s first National Garden
Cities, is undergoing rapid urbanization. Its development into
a National Park City reflects not only modern urban growth
trends but also aligns deeply with China’s commitment to
ecological civilization. Recent achievements have significantly
advanced this vision. Statistics show that the green coverage
in urban areas of Hefei now exceeds 40% [38], with wetlands
expanding to cover 11.82 thousand hectares. By 2025, Hefei
aims to establish more than 500 urban parks, signaling
progress in green development. However, challenges such
as the loss and fragmentation of green spaces have emerged
amidst rapid urbanization. According to a study by Yao
et al., Hefei’s green space area decreased by 516.59 km?
from 1994 to 2020, while non-vegetated areas increased
by 255.5 km? [39]. This change has impacted the city’s
ecosystem services and could potentially affect its urban
resilience and health. Enhancing the near-naturalness of plant
communities in urban green spaces can improve their stability
and recovery, thus enhancing the quality and sustainability
of these spaces and their ecosystem services [40]. Drawing on
forest naturalness assessment methods, this study combines
qualitative and quantitative approaches in field surveys
and data collection across 27 urban green spaces in Hefei,
involving 87 quadrats. A comprehensive evaluation indicator
system was established to cover the composition, structure,
succession, and disturbance level of plant communities
in urban green spaces of Hefei. Principal component
analysis, entropy weight method, and comprehensive index
method were utilized for the comprehensive evaluation
of the plant communities. Near-naturalness grades were
classified through cluster analysis, and the relationship
with key indicators was explored using the random forest
algorithm. This investigation seeks to address two primary
questions: (1) What is the level of near-naturalness of plant
communities in urban green spaces of Hefei? (2) What factors
have the most significant impact on the near-naturalness
of these plant communities? By systematically assessing
the near-naturalness of plant communities in Hefei’s urban
green spaces, this study explores the effects of urbanization
on urban ecosystems. It provides fresh insights and actionable
strategies for enhancing urban garden quality, serving as
a valuable resource and guide for Hefei’s garden greening
initiatives.



Assessing Near-Naturalness...

3609

E

117°6' 0" E 117°8'0"
T T

N

o

2 L
1)

31°52'0" N

Legend ’ ) §
GS(2019)1822 & =
I:l Boundary of China st i lsanss
l:l Anhui province

0 800 1600

350°0" N

3200km

b

117°10'0" E 117°12°0" E 117°14'0" E
T = By

X =

117°16' 0" E
T

31°52'0" N

3r50°0" N

z z
e Jinzhai Road | |¥
= .
gt Legend £5
Green space 3
Water system
z 6 4
a8 Road network \ 15
3 Central city boundary = 3
| @ Attached Green Space & - = g
@ Square Land 1
O Community Park G
Legend b4 O Recreational Garden < \} 7z
2 o = §S
I central city of Hefei Sl @ Specialized Park | o
0100 200 400km b ‘I Comprehensilve Park | | — | E L\“fw g
-
117°6'0" E 117°8'0" £ 117°10°0" E n7°12°0" & 117°14°0" E 117916 0" E

Fig. 1. Location of study area and sample sites.

Materials and Methods
Study Area and Sampling Site Configuration
Overview of Study Area

Hefei, located in the mid-latitude region (Fig. 1), is
situated at the center of Anhui Province (N31°4921.30",
E117°13'18.25"), between the Yangtze and Huai rivers.
It is also adjacent to Chaohu Lake and connected to
the Yangtze River via the Nanfei River. This strategic
position connects the East and West, links the Central
Plains, and spans from north to south, offering a unique
locational advantage. Hefei’s urban area spans 838.52
square kilometers, of which 360 square kilometers are
built-up. The region experiences a subtropical humid
monsoon climate, transitioning from warm temperate
to subtropical conditions. This climate results in hot
summers and cold winters, with mild and brief spring
and autumn seasons, offering a moderate climate with
distinct seasons. The combination of favorable climatic
conditions and Hefei’s unique geographical position creates
an ideal environment for developing garden greenery
landscapes. The region is home to a wide variety of plant
species, including robust native plants and a favorable
environment for high-quality exotic landscape species.
Statistically, Hefei has 71 families, 184 genera, and 377
species (including variants) of local trees, which consist

of 4 families, 7 genera, and 7 gymnosperm species, as
well as 67 families, 177 genera, and 370 angiosperm
species [41].

Sampling Site Establishment and Investigation

This study employed a systematic site selection approach
on both sides of Jinzhai Road in Hefei City, with a focus on
urban garden green spaces that are emblematic of the area.
Jinzhai Road, a crucial thoroughfare that cuts through
Hefei’s central district, connects different urban sectors,
such as the Economic and Technological Development
Zone, the Administrative New District, and the old Lu Yang
District. This roadway was chosen because its adjacent areas
include a diverse array of green spaces, showcasing plant
communities that are representative of different epochs
in Hefei’s development. This provides an ideal baseline
for sampling. The site selection process commenced
with a preliminary survey to pinpoint potential locations,
followed by employing stratified random sampling to
ensure the inclusivity of green space categories as defined
by the latest “Urban Green Space Classification Standard”
(CJJ/T85-2017) [42]. On this basis, green spaces that serve
recreational, leisure, and entertainment purposes were
selected as the main focus of this study. These include park
green spaces, attached green spaces, and square lands. Park
green spaces were further subdivided into comprehensive
parks, community parks, specialized parks, and recreational
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gardens for detailed study. Regional green spaces
and protective green spaces often have responsibilities,
such as ensuring the integrity of the landscape pattern,
maintaining facility safety, and providing protective
isolation. Their land use is independent and not suitable
for visitor access [43], and they are not within the scope
of'this study. This research employed a fixed plot approach
to examine plant communities within the green spaces
of Hefei. For the arboreal plots, each measured 20 m x
20 m, with recordings of species names, counts, diameter
at breast height (DBH), heights, crown spreads, growth

Table 1. Basic information of sample sites.

conditions, canopy densities, strata affiliations, and presence
of regeneration. Shrub plots, covering 2 m x 2 m, included
recordings of species names, counts, heights, widths,
coverages, growth stages, and regeneration indicators.
Herbaceous plots, each measuring 1 m x 1 m, were used
to record species names, counts/clumps, heights, coverages,
and growth conditions [44]. Furthermore, data on human
disturbances within these plots was also documented.
Diameters at breast height (DBH) for trees were measured
at 1.3 meters above ground using a diameter tape, achieving
aprecision of 0.1 cm. Tree and shrub heights were measured

Green Space Type Nsuer;it::cler Site Name (completion year) gllll:l(litrli}t/ Latitude Longitude
| Anhui J ia?zz(l)lle)mive“ity 3 31°44°517N 117°13°39”E
2 l\:gicrisp"g;?::g&‘?;t 2 31°49°39”N 117°13°52”E
Attached Greon Space 3 Kaixuanmen Estate (2012) 4 31°48°28"N 117°14°127E
4 Tianehu moma Estate (2020) 2 31°48°58”N 117°14°49”E
5 Shuian ggllg;;“ Estate 3 31°48°17°N 117°13°26"E
6 Lvyuan Estate (2000) 2 31°50°32”N 117°17°27”E
7 Lvzhou Park (2016) 5 31°48°25"N 117°14°05"E
Square Land 8 Hupotan Scenic Spot (1991) 2 31°52°03"N 117°16°29”E
9 Heichiba Scenic Spot (1984) 3 31°52°07"N 117°16’35"E
10 Laodong Park (2020) 6 31°49°50"N 117°16°04”E
Community Park 11 Shitai Road Park (2021) 6 31°49°14”N 117°14°47"E
12 Tianle Park (1993) 4 31°51°24”N 117°12°46”E
13 Jinxiu A(VZ%%‘;; Garden 2 31°45°34”N 117°14°20"E
14 Kuang River Garden (2022) 3 31°48°01"N 117°13°43"E
15 Dugang Garden (2012) 1 31°49°37°N 117°15°48”E
Recreational Garden :
16 Cha“gq‘?zgogg;’“s Park 4 31°49°36”N 117°15°57"E
17 | 1958 Bearing Garden (2022) 2 31°49’51"N 117°15317E
18 Qimen Road Garden (2011) 2 31°48°57"°N 117°14°22"E
19 Shushan Forest Park (1954) 2 31°51°05"N 117°11°20”7E
20 Xishan Scenic Spot (1984) 3 31°5127"N 117°16’54”E
Specialized Park 21 Xiaoyaojin Park (1949) 2 31°52721"N 117°18°04”E
22 Lord Bao Park (1984) 4 31°51°517°N 117°18°227E
23 Yinhe Scenic Spot (1984) 3 31°51°35”N 117°17°24”E
24 Nanyan Lake Park (2016) 4 31°46727"N 117°15°48"E
25 Tian’e Lake Park (2011) 3 31°49°05"N 117°13°28"E
Comprehensive Park
26 Feicui Lake Park (2006) 4 31°46724"N 117°12°10”E
27 Xinghua Park (1997) 6 31°52°31”°N 117°16’59”E
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using a hypsometer, with accuracy levels of 0.1 meters for
trees and 0.5 meters for shrubs, respectively. The crown
widths of shrubs were recorded in both east-west and north-
south directions using a steel measuring tape, achieving
a precision of 0.1 cm; an average of these measurements
was calculated. Similarly, the heights and crown widths
of herbaceous plants were assessed, with measurements
averaged from both directions. Tree canopy closure was
determined using the Hemiview canopy analysis system.
Shrub and herbaceous layer coverage was calculated using
the formula: Coverage = (East-West crown width x North-
South crown width) divided by the plot area. The locations
and number of plots were established based on the scale
of the sites and the characteristics of plant distribution.
The investigation was primarily conducted in July 2023.
Ultimately, the green spaces surveyed included Tian’e Lake
Park, Feicui Lake Park, Nanyan Lake Park, Shushan Forest
Park, Xinghua Park, among others, totaling 27 locations
with 87 plots in total (refer to Fig. 1 and Table 1).

Evaluation Indicators for the Near-
Naturalness of Plant Communities

Evaluation Indicator System

Combining qualitative and quantitative evaluation
methods, and informed by national, regional, and industrial
standards and research, we developed an indicator framework
to evaluate the near-naturalness of plant communities in green
spaces [31, 45, 46]. This framework comprises indicators
that reflect plant community characteristics across multiple
dimensions. Due to the varying meanings, magnitudes,
and dimensions of these indicators, standardizing each to a [0,
1] range is essential for comparability and distinctiveness.
We collected and calculated values for indicators such
as native plant proportion, species richness, community
layers, tree canopy density, understory and herb layer

coverage, dead plant numbers, and litter coverage (Fig. 2).
For structural analysis and succession assessment, indices
such as community layers, DBH classes, and counts
of natural regeneration seedlings were calculated using
specific methods. Disturbance degree in Criterion Layer
By, a qualitative indicator, was primarily quantified through
expert scoring and value assignment.

Indicator Survey and Data Collection

(1) Community Composition (B;): Record the species
count (C,) in each tree, shrub, and herb layer within
the sample plot, along with the plot’s native plant species
proportion (C;) [48]. Compute the plot’s Simpson index
(C;) and Shannon-Wiener index (C4) [49] for species
diversity and evenness. The Pielou index (Cs) evaluates
the ratio of actual to theoretical maximum diversity,
assessing community-level similarity.

(2) Community Structure (B,): Document the number
of layers in plant communities, including trees, shrubs, herbs,
and ground cover, for each sample plot (Cs). Measure trees
with a DBH over 4 cm to calculate the DBH class index (C,).
Classify trees by DBH into categories with corresponding
values and calculate the index as the product of each
category’s proportion and value [50]. Record canopy closure
(Cy), underwood, and herb cover in the plot (Cy and Cy).

(3) Community Succession (Bj3): Use the M. E.
Tikhomirov method [51] to count naturally regenerating
seedlings (Cy;). Assign values to healthy and weak
seedlings to calculate regenerating seedlings per hectare.
Classify regeneration based on seedling count per hectare
with assigned values. Also, record dead plant numbers
(C1») and ground litter coverage (C,3) in the sample plot.

(4) Disturbance Degree (B,): Assess and categorize
human disturbance (C,4), natural disturbance (Cis),
and management intensity (C;¢). Quantification is based
on assigned values in Table 2 [52].

Community Composition B
(0.1175, 3)

Community Structure B,
(0.0869 , 4)

Community Succession B;
(0.5879. 1)

Disturbance Degree By
(0.2077 ., 2)

Community Layers Cg

|
|
I |
! \
| (0.0402, 8) |

.04109.
: (.0 04. »7) Diameter at Breast Height Regeneration Seedling Counts . !
[ Species Richness C, (DBH) Class C- C Human Disturbance C 4 }
|1 Indicator layer | - (0'0"’61611% ° ) (0.0725, 5) I © banee }
T i Tree Canopy Density Cg Dead Plants Number C), Natural Disturbance C;5 I
: (0.0173, 13) (0.0623, 6) 02197, 2) (0.0906, 4) |
| Shannon-Weiner Index C4 S c et C Management Intensity Cyg }
| (0.0224.12) Understory Coverage Cq Litter Coverage C3 © ‘
| O SR (0.0917, 3) (0.2488, 1) I
I Piclou Index Cs Herb Coverage C |
| 4 erage Lio |
272

i (s LD (0.029, 10) }
! |

Native Plant Proportion C,

Fig. 2. Evaluation indicator system for near-naturalness of plant communities in Hefei’s green spaces.
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Table 2. The assignment table of disturbance degree index.

Index Dlsturba}nce Classification Assigned
Intensity Value
None No artificial disturbance, no residential areas or roads nearby. 1.0
. Slight human disturbance, occasional trampling at a distance from
Mild Lo 0.8
residential areas and roads.
Human
Disturbance Moderate Significant human disturbance, including trampling and picking, 0.6
Cu with proximity to residential areas and roads. '
Frequent human activities causing damage, repeated branch break-
Severe age, trampling, and picking, directly adjacent to residential areas and 0.4
roads.
None No diseases or pests, no fire, no wind disasters, no soil erosion, no 10
frost damage, no constituting disturbance. ’
Mild The plant community ecosystem can self-regulate, and the distur- 0.4
Natural bance intensity is within its own regulatory range. ’
Disturbance Moderate Causes significant harm to the plant community, with disturbance 0.2
Cis intensity exceeding its own regulatory capacity. ’
Humans employ moderate-intensity logging, vine removal, pruning,
Severe transplanting, and replanting measures in forest communities, result- 0.4
ing in more noticeable positive effects.
None None management measure 1.0
Humans employ relatively light-intensity logging, vine removal,
Mild pruning, transplanting, and replanting measures in forest communi- 0.6
ties, resulting in positive effects.
Management
Intensity Humans employ moderate-intensity logging, vine removal, pruning,
Cus Moderate transplanting, and replanting measures in forest communities, result- 0.4
ing in more noticeable positive effects.
Humans employ relatively high-intensity logging, vine removal,
Severe pruning, transplanting, and replanting measures in forest communi- 0.2
ties, resulting in clear positive effects.
Statistical Methods Evaluation Indicator Weights
and Evaluation Framework
After determining the assessment objects, differences
Evaluation Indicator Selection among indicators lead to variations in the information
entropy of each, affecting the information they provide.
Principal Component Analysis (PCA), Indicators with lower information entropy are more

a multivariate statistical method, uses linear combinations
of original variables to reveal the covariance structure
of multidimensional variables by creating principal
components [53]. PCA is frequently used in scenarios
with numerous interrelated indicators [54]. We used
the “prcomp’ function in R to perform PCA on near-
naturalness evaluation indicators, aiding in their selection
and simplification [55]. Principal component analysis
involves several key steps: 1) Construct the observation
data matrix and standardize it to ensure the accuracy
of the analysis. 2) Generate the correlation coefficient
matrix and compute its eigenvalues and eigenvectors to
identify the principal components of the data. 3) Utilize
the Kaiser-Meyer-Olkin (KMO) measure and Bartlett’s test
of sphericity to assess the suitability of the data for PCA.
4) Determine the number of principal components based
on the cumulative contribution rate. 5) Calculate the scores
of the principal components.

informative and thus assigned higher weights [56]. Our

weighting approach employed the entropy weight method

(EWM), grounded in objective statistical indicators [57].

The method comprises the following calculation steps:

1. Build the judgment matrix: Use sample data and evalu-
ation indicators from Hefei’s green spaces, we form
a matrix with n samples and m evaluation indicators.
In this matrix, x; denotes the j;, indicator’s value for
the i, sample.

2. Standardize the indicators: Standardize the indicators
using the range transformation method to ensure fair-
ness in comparison between different indicators. Posi-
tive indicators are calculated using formula (6), while
negative indicators follow formula (7).

xl-]-—min Xij

Yij = (6)

max Xx;j—min x;j



Assessing Near-Naturalness...

3613

max Xijj—Xxij

R ——— (7)

3. Calculate the proportion and entropy of indicators:
Determine the importance of each indicator in the evalu-
ation system by calculating the proportion (#7) and en-
tropy value (G;) of the indicators, providing a quantita-
tive basis for comprehensive evaluation.

F,-j:y,-j/z';:ly,-j(iZI,Z,...,n;j:1,2,...,m) ®)

1 n
Gj:_mginiJ’/lnFl‘j )

4. Calculate indicator weights (#;): Compute the weight
of each indicator, reflecting the contribution of different
indicators to the evaluation of near-naturalness.

wWi=(1-G)/ ¥ G (10)
Plant Community Near-Naturalness Evaluation Model

The Near-Naturalness Index (NNI) evaluation model
for plant communities was constructed by combining
the standardized values and weights of the evaluation
indicators. The corresponding formula is:

NNI=3"_ Wy;(=1,2,...,m) (11)

Grading of Plant Communities for Near-Naturalness

For a more precise assessment and categorization
of near-naturalness in Hefei’s green spaces, we conducted
a cluster analysis (CA) on the NNI of 87 plant communities
using the R language [58]. Near-naturalness grades were
scientifically determined based on the number of clusters
identified. Initially, we processed the near-naturalness
indices of each plant community using the ‘hclust’ function
in R, and then performed clustering analysis using Ward’s
method. Subsequently, we utilized the ‘ggtree’ function for
a graphical representation of the clustering results, which
aided in the classification of near-naturalness grades in each
plant community. Finally, we evaluated the near-naturalness
of each sample based on these classified near-naturalness
grades.

Regression Analysis between Near-
Naturalness and Feature Indicators

Developed by Breiman in 2001, Random Forest (RF)
is an ensemble learning method that utilizes multiple
decision trees, suitable for classification and regression
tasks [59]. Results visualization employs the ggplot2
package. The RF method utilizes Bootstrap sampling to
create multiple datasets from the original data. It builds
various decision trees and combines their outcomes for
final predictions using either voting or averaging. RF is
known for its resilience to data anomalies and noise, as

well as its effectiveness in handling multivariate data.
It is widely applied in fields such as medicine [60],
ecology [61], and geography [62, 63]. This study utilizes
the regression capability of the Random Forest algorithm
to analyze the intricate relationship between plant
community naturalness and various indicators. Utilizing
the Random Forest package in the R programming
language, a regression model was developed. It
incorporated 16 metrics from four hierarchical levels
of analysis: community composition, structure,
succession, and disturbance intensity. These metrics
were used as independent variables against the NNI for
the sample plots, with random forest regression employed
to analyze the relationship. The model’s accuracy depends
on two crucial parameters: the number of decision trees
(ntree) and the maximum features considered at each
split (mtry). Optimal model performance is achieved by
using a minimal ntree value when additional trees do
not improve prediction accuracy, with mtry usually set
to one-third of the total number of variables. Variable
significance is determined by the increase in Mean Square
Error (IncMSE), where higher IncMSE values signify
greater variable importance [64]. Partial dependence plots
are used to clarify the nonlinear interactions between
independent variables and the NNI, providing insights into
complex ecological dynamics. Notably, the robustness
of the random forest algorithm to variations in data scale
and unit eliminates the need for normalization, simplifying
data preparation processes for ecological modeling [65].

Results and Analysis
Results of the Evaluation Indicators Selection

Sixteen initial indicators of forest near-naturalness are
used to construct an evaluation indicator matrix for principal
component analysis. Results (Fig. 3) indicate that the first
five components’ cumulative variance contribution rate
exceeds 70%, with a KMO measure of 0.714 and a P-value
of 0 (Fig. 3), confirming the sample data’s suitability for
principal component analysis. The principal component
factor loading matrix (Fig. 3) revealed high loadings on
the first principal component for the Shannon-Weiner
index, Simpson index, community layers, species richness,
and Piclou index. The second principal component had high
loadings for dead plants number, litter coverage, and natural
disturbances; the third for understory and herb coverage;
the fourth for tree canopy density and regeneration
seedlings counts; and the fifth for native plant proportion.
Indicators with loadings above 0.6 were selected (Fig. 3),
yielding 13 evaluation indicators: native plant proportion
(C)), species richness (C,), Simpson index (Cs), Shannon-
Weiner index (C,), Piclou index (Cs), community layers
(Cs), canopy density (Cg), underwood coverage (Cy), herb
coverage (Cy), regeneration seedlings count (Cy;), dead
plants number (C;,), litter coverage (C,3), and natural
disturbance (C;s).
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Computation of Evaluation Indicator Weights

Thirteen indicators identified through principal
component analysis serve as the foundation for a matrix,
with their weight coefficients determined via the entropy
weight method, as depicted in Fig. 2, spanning from
0.0173 to 0.2488. In the evaluation of indicator weights,
litter coverage (Ci;, 0.2488) has the highest weight,
followed by the number of dead plants (C;,, 0.2197),
understory coverage (Co, 0.0917), natural disturbances
(Cys, 0.0906), and natural regeneration seedling counts
(Cy1, 0.0725), with the remaining indicators having
weight coefficients less than 0.05. The biodiversity
indices, including the Simpson index (C;, 0.0173),
Shannon-Weiner index (Cg4, 0.0224), and Piclou index
(Cs, 0.0272), carry relatively lesser weights. Nevertheless,
to prevent the loss of information and enhance the detail
of ecological evaluation, these indices are maintained,
ensuring the objectivity of further analysis.

Comprehensive Evaluation Results
of Near-Naturalness

The assessment of the NNI for plant communities within
87 green spaces in Hefei’s central urban district is depicted
in Fig. 4, with NNI values spanning from 0.135 to 0.752.

The frequency distribution graph (Fig. 4a) demonstrates
a skewness in the NNI distribution, with the density curve
peaking not at the center but skewed towards lower NNI
values. This suggests that the majority of green spaces
have plant communities with near-naturalness levels on
the medium to low side, although a notable portion boasts
higher near-naturalness levels. Specifically, the distribution
(Table 3) reveals that 15 plots fall within an NNI range
of 0.1 to 0.2, representing 17.24% of the total; 36 plots
fall within 0.2 to 0.3 (41.38%); 22 plots within 0.3 to 0.4
(25.29%); 7 plots within 0.4 to 0.5 (8.05%); 4 plots within
0.5 to 0.6 (4.60%); and 3 plots within 0.6 to 0.7 (3.45%).

The box plot analysis (Fig. 4b) reveals that specialized
parks have the highest median near-naturalness,
with attached green spaces, recreational gardens,
and comprehensive parks in the middle, and community
parks and square green spaces at the lowest median.
This suggests that specialized parks possess a higher
level of near-naturalness, whereas community parks
and square land exhibit lower levels. The interquartile
ranges for community parks, recreational gardens,
and comprehensive parks are narrower, showing a more
concentrated distribution of near-naturalness levels
in these green spaces, albeit not high on average. In
contrast, attached green spaces, specialized parks,
and square green spaces exhibit wider interquartile
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Fig. 4. The near-naturalness index for 87 plant community sampling plots in Hefei’s urban green spaces: (a) frequency distribution and

(b) boxplots for six categories of green spaces.

Table 3. Numerical distribution of near-naturalness index of 87 plant community quadrats in Hefei’s green spaces.

NNI Value Range Count Percentage (%) Quadrat Number

0.1-0.2 15 17.24 1, 20,21, 22, 23, 38, 46, 52, 63, 65, 69, 72, 73, 81, 82

3,11, 14, 15, 18, 28, 30, 31, 37, 40, 42, 47, 48, 50, 51, 53, 55, 56, 58, 59,
0.2-0.3 36 41.38 60, 61, 62, 64, 66, 67, 68, 70, 71, 74, 75,77, 78, 79, 80, 87
03-04 2 2529 5,6,9,10,12, 13, 16, 19, 24, 32, 33{324, 35,36,39, 44, 45,49, 54,76, 83,
0.4-0.5 7 8.05 4,27,29,41, 43, 85, 86
0.5-0.6 4 4.60 2,17,25,57
0.6-0.7 3 3.45 7, 8,26

ranges, reflecting greater variability in near-naturalness
across different sections of these green spaces. Notably,
recreational gardens and comprehensive parks include
outliers, signifying the presence of a few plant communities
with exceptionally high or low near-naturalness.

Specifically, the highest NNI was recorded in Plot
26, scoring 0.752, situated in the Xishan Scenic Spot
of the Encircling City Park. This plot is distinguished
by its diversity of tree species, including those with high
canopy closure and undergrowth, showcasing a complex
structure, evident succession, extensive grass coverage,
and minimal human interference, contributing to its high
near-naturalness. Following closely, Plot 8, with a score
0f 0.740, located in Shushan Forest Park, is characterized
by its dominance of sweetgum trees taller than ten meters,
high canopy closure, and significant litter coverage.
The lowest scores of naturalness were observed in Plots
38 and 21, with scores of 0.135 and 0.136, respectively,
found in the Palm Grove of Xinghua Park and the Cedar
Forest of Lvzhou Park. These plots feature a simplistic
structure primarily consisting of trees and lawns, with an
absence of shrubbery.

Classification of Near-Naturalness Grade

The NNI for plant communities undergoes Ward
clustering analysis and is depicted through a circular
dendrogram (Fig. 5). The analysis delineates 87 plots into
four distinct clusters, each symbolizing a specific grade
of near-naturalness. In alignment with the German system
for assessing near-naturalness [66] and methodologies
pertinent to the naturalness evaluation of urban forests
in China [45, 50], four distinct clusters are categorized
as near-natural (I), semi-natural (II), far-natural (III),
and artificial (IV). To be specific, Grade I encompasses
three plots (numbers: 7, 8, 26), with NNI values spanning
from 0.676 to 0.752, representing 3.45% of the total
plots (refer to Fig. 5 and Table 4). Predominantly, these
plots are situated in specialized parks, like Xishan Scenic
Spot and Shushan Forest Park, and resemble almost
natural communities. These areas, characterized by
abundant native trees, diverse species, and a complete
structure, showcase mature ecosystems with minimal
human interference, strong resilience, and stability.
They play a crucial role in preserving urban biodiversity
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Fig. 5. Classification of near-naturalness clustering of 87 plant community quadrats in Hefei’s green spaces.

and ecological balance. Grade II is comprised of 13 plots
(numbers: 2,4, 17,25,27,29, 41,43, 54,57, 84, 85, 86),
with NNI values between 0.388 and 0.588, constituting
14.94% of the aggregate, mainly located in specialized
parks and attached green spaces, with a minority situated
in various other green spaces. These areas demonstrate
moderate Simpson and Shannon-Weiner indices. Despite
high species richness and native tree proportion, these
spaces could benefit from enhanced ecosystem complexity
and stability. These spaces feature moderate species
diversity and a balanced community structure. Grade 111
includes 49 plots, with NNI values ranging from 0.369
to 0.234, accounting for 56.32%, with the principal green
space types being recreational and comprehensive parks
that display ecological complexity but have simpler
structures. These arecas have a lower proportion of native
trees and are affected by human activities, resulting
in diminished ecosystem functions. Grade IV consists
of 22 plots, with NNI values from 0.135 to 0.226, making
up 25.29% of the total, primarily found in square lands
and community parks are primarily pure forests, shaped
hedges, and floral covers, with low species richness,
native tree proportion, and Simpson and Shannon-Weiner

indices, marked by low tree canopy closure and high
herb coverage. These areas could benefit from increased
biodiversity and reduced hard paving to enhance ecological
characteristics.

In terms of green space types, attached green spaces
have the highest proportion of Grade III near-naturalness
at 43.75%, followed by Grade IV at 31.25% (Table 4).
These spaces include areas in public services, residential
zones, and campuses. Near-naturalness in square lands
is generally low. Grade IV near-naturalness, which is
the most prevalent at 50%, includes locations like Lvzhou
Park, Heichiba Scenic Spot, and Hupotan Scenic Spot.
Community parks primarily feature near-naturalness
in Grades III and IV, cumulatively accounting for
93.75%. Recreational gardens predominantly exhibit
near-naturalness at Grade III (78.57%), with lesser
extents in Grade 11 (14.29%) and IV (7.14%). Specialized
parks display near-naturalness at 21.43% in Grade
I and 28.57% in Grade 11, constituting 50% — the highest
combined proportion of higher near-naturalness grades.
Comprehensive parks mainly exhibit near-naturalness at
Grade 111, comprising 76.47% of their total. Additionally,
attached green spaces and square lands usually exhibit



Assessing Near-Naturalness...

3617

Table 4. The proportion of near-naturalness grade of different types of green space plant communities in Hefei City.

Green Grade | Grade 11 Grade 11 Grade [V
Space Quadrat percent- Quadrat percent- Quadrat percent- Quadrat percent-
Type quantity age/% quantity age/% quantity age/% quantity age/%
Attached
Green Space 0 0.00% 4 25.00% 7 43.75% 5 31.25%
Square Land 0 0.00% 1 10.00% 4 40.00% 5 50.00%
Communit
Y 0 0.00% 1 6.25% 8 50.00% 7 43.75%
Park
Recreational o o o 0
Garden 0 0.00% 2 14.29% 11 78.57% 1 7.14%
Specialized o o o 0
Park 3 21.43% 4 28.57% 6 42.86% 1 7.14%
Comprehen- N o o o
. . 0 . 0 . 0 . (V]
sive Park 0 0.00% 1 5.88% 13 76.47% 3 17.65%
Sum Total 3 3.45% 13 14.94% 49 56.32% 22 25.29%
(a) (b)
o
Dead plants Number ® _E: 0.375 0.404
Litter coverage ® §0.350 0364
Natural disturbance % 0.325 _
Community layers ; 0.300 ‘
S 0.284
Species richness 2 0 5 10 15 0 20 40 60 80
Tree canopy density Dead plants number / plant Litter coverage / %
0.3 0.32
Understory coverage A S
Native plant proportion A 20432' 0.314
j5]
Regeneration seedlings counts ® % 0311 0.304
Human disturbance g - 0.291
Shannon-weiner index & ’ 0204 06 08 10 7 i 3
Simpson index e Natural disturbance / score Community layer / layer
Q
Herb coverage L §0 31
Piclou index & g8 831
- 20.30
Management intensity |--O = 0.304
DBH class index |- go_zg
Criterion Layer T T I M 20 0 35 0 s
A B A B, B, OB, 0 5 %IncMSE 10 15 Species richness / specie Tree canopy density / %

Fig. 6. (a) Ranking of importance for near-naturalness feature indicators. (b) Influence of the top 6 feature indicators on near-naturalness.

lower near-naturalness, likely due to higher human
disturbance. Specialized parks often retain more natural
features due to their specific ecological or cultural themes.
Comprehensive parks balance multifunctional needs
while preserving ecological and natural characteristics.

Overall, the near-naturalness of plant communities
in Hefei’s gardens and green spaces is at a medium to
low level. Plots rated as “near-natural” and “semi-natural”
account for 18.39% of the total surveyed plots, mainly
distributed in specialized parks, represented by the Xishan
Scenic Spot and Shushan Forest Park, with other types
of green spaces accounting for a smaller proportion; plots
rated as “far-natural” and “artificial” make up 81.61%
of the total plots, mainly located in community parks
and comprehensive parks.

The Random Forest Regression Relationships
of Near-Naturalness Feature Indicators

The creation of a training set with the initial 16
indicators to determine optimal trial parameters reveals that
the ideal parameters for the random forest model are mtry
=5 and ntree = 500 (Appendix Fig. 8). At these settings,
the model achieves peak performance and the lowest
error rates. Consequently, a random forest regression
model is developed, incorporating graphs that illustrate
the importance of the indicators and provide partial
dependence plots.

In the random forest regression model, factor importance
is typically measured by the increase in mean square error
(Inc MSE value), where a larger Inc MSE value signifies
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near-naturalness.

amore important factor. The ranking of indicator importance
in Fig. 6(a) shows that the primary indicators affecting NNI
are the number of dead plants (16.2%) and litter coverage
(15.9%). Following these, other indicators such as natural
disturbance (8.54%), community layers (8.05%), species
richness (7.41%), and tree canopy density (6.20%) impact
NNI, with the least influence from management intensity
(0.87%) and a negative impact from DBH class index
(-0.59%). The cumulative importance of indicators within
each criterion layer is distributed as: community succession
(34.42%), community structure (21.05%), community
composition (17.15%), and degree of disturbance (12.13%).
The model effectively uncovers the non-linear impacts
of feature indicators, utilizing partial dependence plots
to demonstrate their varied influences on NNI. Diagrams
in Fig. 6(b) are created using the six most significant
indicators (Cyp, Ci3, Cys, Cg, Cy, Cyg) to illustrate their
effects. Generally, the response of plant community near-
naturalness varies among different key feature indicators.
All indicators exhibit a non-linear increasing trend, with
natural disturbance acting as a qualitative scoring factor.
Specifically, the number of dead plants, litter coverage,
and species richness show a non-linear trend of rapid
increase followed by stabilization. A significant increase
in plant community NNI is observed with 5-10 dead plants,
10-30% litter coverage, and a species richness of 10—15
species. The qualitative indicator of natural disturbance
scores between 0.6 and 0.8, indicating that mild or lesser
natural disturbances correspond to a similar trend in NNI.
The impact of community layers and tree canopy density
on NNI is also notably significant.

Employing the same methodology, the analysis further
explores the relationship between the four criterion layers

and NNI, focusing on the synergistic effects among
the indicators. The data for the 16 indicators is first
normalized and then processed using the entropy weight
method, establishing their respective weights in each
criterion layer. This enables weighted computations for
the original data of each layer in the random forest regression,
with the criterion layer (B) set as the independent variable
against the NNI, and optimal parameters identified as
ntree = 500 and mtry = 1 (Appendix Fig. 8). Fig. 7(a) and (b)
present the ranking of criterion layer indicators’ importance
to near-naturalness: community succession (19.11%) ranks
the highest, followed by disturbance degree (14.77%),
community composition (11.72%), and community
structure (9.31%). These four indicators exhibit a fluctuating
yet rising non-linear trend, demonstrating their significant
impact on near-naturalness.

Discussion

Selection of Near-Naturalness Indicators for
Plant Communities in Urban Green Spaces

Assessing the near-naturalness of urban green space
plant communities aids in understanding their growth status
and facilitates the timely repair of damaged areas. This
assessment forms a fundamental aspect of urban green
space management and maintenance [67]. This assessment
is particularly crucial for monitoring and managing urban
plant communities, which often face significant human
disturbances. Implementing effective near-naturalness
assessment methods and appropriate measures to
enhance community naturalness is vital for the stability
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and sustainable development of urban green spaces. Earlier
studies on near-naturalness assessment primarily focused
on one or two indicators [30, 33]. Subsequent research,
increasingly incorporating numerous indicators [47],
suggests that the near-naturalness of plant communities
requires a composite evaluation using multiple indicators.
Consequently, this study developed an evaluation model
incorporating four dimensions and 16 indicators (Fig. 2).
However, soil physical properties, which are crucial for
near-naturalness assessment [47, 68], were not included
in this study. This exclusion stemmed from the limited
distribution of sample points in the study area, all located
in low-altitude plains, where soil characteristics displayed
no significant local geographical differences. Consequently,
variables that could not accurately reveal differences in plant
community characteristics or that introduced uncertainty
to the assessment were excluded. Additionally, as near-
naturalness evaluation methods evolve, it becomes crucial
to consider indicators of both natural attributes and human
disturbance. Therefore, the degree of disturbance, including
human, natural, and management intensity, was included as
a qualitative dimension in constructing the near-naturalness
evaluation index system (Table 2).

Analysis of Near-Naturalness
and Feature Indicators of Plant Communities
in Hefei’s Urban Green Spaces

An in-depth analysis focused on the near-naturalness
of plant communities in Hefei’s green spaces. The evaluation
of near-naturalness indices for 87 sample plots revealed
significant differences in these spaces. The regression
analysis using the random forest algorithm highlighted
the significance of dead plants and litter coverage in near-
naturalness (Fig. 6a), contributing 16.20% and 15.5%
respectively. These two indicators reflect the process
of natural succession and the integrity of the ecological
cycle and are important indicators for evaluating
the naturalness of communities. This is consistent with
the findings of scholars such as Kunttu [33] and Korhonen
[69]. Litter plays a vital role in the ecological cycle by
recycling nutrients. Near-naturalness increases notably with
5-10 dead plants and 10-30% litter coverage. Additionally,
natural disturbance ranks third in importance at 8.54%.
Mild natural disturbances improve near-naturalness without
exceeding the plant community’s self-regulation capacity. In
addition to common disturbances such as pest infestations,
windstorms, and frost damage, research by Baskent et
al. [70] indicates that communities prone to soil erosion
and poor nutrient development, leading to soil and water
loss, are considered to have lower near-naturalness than
communities with good soil conditions.

Community succession and disturbance degree
emerge as the top two indicators in criterion layer
analysis (Fig. 7a), underscoring the importance
of ecosystem integrity. The overall importance ranking
of feature indicators shows a consistent significance for
community succession, with variations in the importance

of other criterion layers compared to their weighted
significance. For instance, community composition’s
weighted outcome surpasses its aggregate result,
suggesting the necessity of multi-indicator analysis.
The research by Strong et al. [71] indicates that
the Shannon-Wiener index of a community needs to be
considered in conjunction with both species richness
and evenness. In summary, indicators like dead plant
count, litter coverage, natural disturbance, community
layers, species richness, and canopy density are crucial
for assessing near-naturalness in Hefei City’s green
spaces. The importance of criterion layer indicators is
ranked as: community succession, disturbance degree,
community composition, and community structure, with
community succession being the most influential on
near-naturalness.

Features and Improvement Measures
of Hefei’s Green Spaces Plant Communities
with Different Near-Naturalness Grade

This study proposes various recommendations for
the near-natural development and management of Hefei’s
green spaces at different community layers. Firstly,
in high near-natural green spaces (“Near-natural” Grade),
maintaining and enhancing natural traits, preserving
natural succession dynamics, and minimizing human
intervention are essential. Emphasize the protection
and augmentation of rare and endangered species to foster
biodiversity, and utilize these spaces for environmental
education and public science activities, thereby boosting
public appreciation and respect for nature [72]. Secondly,
in medium near-natural green spaces (“Semi-natural”
and “Far-natural” Grade), enhancing naturalness through
the gradual introduction of native plants and minimizing
human management activities like pruning and fertilizing
is vital. Implement ecological restoration in damaged
ecosystems, focusing on aquatic ecology restoration
and soil condition improvement [73]. Additionally,
integrate fragmented green spaces into ecological corridors
to connect various ecological areas, facilitating species
migration and interaction [74]. Thirdly, in low near-natural
green spaces (“Artificial” Grade), transform existing
plant communities to increase native plant representation
and enhance structural complexity [75]. Furthermore,
create diverse microhabitats, like water bodies, rocks,
and dead wood, to increase habitat diversity, reduce hard
ground paving, improve permeable paving and green areas,
and enhance surface water infiltration and soil ecological
functions [76, 77]. In essence, during the near-natural
restoration of garden and green space communities, it’s
crucial to engage in proactive structural adjustments
to foster the natural succession of these communities.
Moreover, when managing communities with varying
structural types, an understanding of the natural progression
of community succession, the extent of variation between
vegetation under disturbance and natural vegetation, along
with implementing appropriate management actions tailored
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to the specific site conditions, is essential for scientifically
facilitating the transformation of plant communities back
to their natural state.
Advantages, Disadvantages, and Prospects
of the Research Method and Evaluation Model

Drawing on urban forest naturalness assessment
methods, this study offers a practical approach for
evaluating green space plant communities’ near-
naturalness, providing a reference for similar urban area
assessments. However, the lack of a universally accepted
quantitative method for assessing near-naturalness suggests
the need for further validation of this model [78]. Principal
component analysis, commonly used in forest naturalness
assessments [79, 80], addresses the challenges of large
datasets and complex weight calculations due to numerous
indicators. Firstly, this study initially utilizes principal
component analysis for selecting indicators. Secondly,
this study uses the entropy weight method for calculating
the weights of near-naturalness evaluation indicators,
improving the objectivity and accuracy of evaluations
[81]. Thirdly, the study adopts a comprehensive index
method for the quantitative evaluation of green space plant
communities’ near-naturalness, providing operational ease
and relatively reliable outcomes. However, the method’s
large-scale implementation is limited by the extensive data
collection workload at field sampling points. Fourthly,
the study employs Ward’s method for cluster analysis to
categorize near-naturalness grades. This method’s strength
is in its variance minimization principle, clustering samples
based on near-naturalness distance, ensuring intra-cluster
similarity and inter-cluster distinction in terms of evaluation
indicators [82]. This approach not only guarantees
internal consistency in near-naturalness within each plant
community, aiding in the clear differentiation of clusters
[27], but also aligns with the concept of near-naturalness.

The Random Forest (RF) algorithm shows superior
accuracy and efficiency in data classification, sample
regression, and model prediction tasks [83]. It outperforms
other regression models by showing insensitivity to
multicollinearity, offering stable performance with missing
or unbalanced data, and delivering higher execution
efficiency [84]. In our study, due to the Simpson index
and the Shannon-Weiner index having similar computational
logics, a predisposition towards collinearity among
indicators was observed. The random forest regression
algorithm effectively mitigates these collinearity issues,
facilitating a comprehensive analysis of the interconnections
among various indicators. Furthermore, there is redundancy
between the variable importance outcomes of RF
and the assessment indicator weights. This redundancy
stems from the entropy weight method-derived indicator
weighting, offering an objective foundation for the initial
construction of the evaluation model within a systematic
and quantifiable framework. Conversely, RF’s application
in assessing the importance of variables introduces an
empirical viewpoint, accentuating the dynamic influence
of each indicator on the accuracy of model predictions within
the context of complex environmental data interrelations.

This empirical evaluation allows for the theoretical
framework to be substantiated with empirical evidence,
ensuring the model’s robustness and its suitability for real-
world data. The concurrence of these findings validates
the reliability of the selection and weighting of indicators,
offering further insights into the non-linear and interactive
effects among them [85]. This enhances our comprehension
of the intricate factors influencing the near-naturalness
of urban green spaces.

While this study strives for a comprehensive
evaluation indicator system, it acknowledges limitations
in fully encompassing all factors impacting green spaces’
ecological quality, like soil conditions and microclimate
factors. Future studies should consider these elements
for a more holistic assessment of plant communities’
near-naturalness, fostering deeper insights and improved
management approaches. Additionally, based on data
collected in summer, this research may not fully account
for seasonal variations’ influence on plant communities’
naturalness, highlighting an area for future study.

Conclusions

Amid the accelerating global urbanization, the ecological
quality of urban green spaces is crucial for maintaining
the health and stability of urban ecosystems. This study
developed a new comprehensive evaluation system, applying
multiple statistical methods including principal component
analysis, entropy weight method, comprehensive index
methods, cluster analysis, and random forest algorithms, to
systematically assess the near-natural state of 87 park plant
communities in Hefei, and to identify the influencing factors.
The evaluation system, incorporating sixteen indicators
across four dimensions (community composition, structure,
succession, and disturbance level), offers a cutting-edge
tool for urban planners and environmental managers to
prioritize interventions that significantly improve urban
green environments.

The findings indicate that the near-naturalness of Hefei’s
plant communities in the green spaces is medium to low,
scoring between 0.135 and 0.752. with only 18.39% of areas
classified as ‘near-natural’ or ‘semi-natural’. The vast
majority, 81.61%, fall into ‘far-natural’ or ‘artificial’
categories. Crucially, the ideal state for near-naturalness
— characterized by 5—10 dead plants, 10-30% litter cover,
10-15 species, and mild natural disturbances — highlights
the sensitive balance required to foster more natural
urban habitats. The influence hierarchy of the criteria —
community succession, disturbance degree, community
composition, and community structure — provides
a clear guideline for targeted ecological interventions.
Therefore, beyond merely enhancing structural diversity
and reducing human disturbances, our study underscores
the necessity of managing organic debris and promoting
natural regeneration processes tailored to specific site
conditions. By doing so, urban green spaces can evolve
more naturally, enhancing their resilience and ecological
functions. Ultimately, this research not only contributes
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valuable evidence-based strategies for ecological urban
design but also lays a foundational framework for ongoing
research into the sustainable development of urban green
spaces. This work serves as a cornerstone for the naturalistic
transformation and resilience enhancement of urban
environments, offering actionable insights that can drive
future innovation in urban ecological management.
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The correlation between error and quantity of decision
trees at criterion and indicator layer in near-naturalness
of Hefei city’s plant communities is shown in Fig. 8.
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