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Abstract: Urban forests can alleviate the urban heat island effect, improve air quality, and improve
residents” mental health. By studying urban forests, these resources can be better used and managed
to create more livable urban environments. Therefore, the urban forest in the Taishan region is
taken as the research object, and the ecological compensation and sustainable development of urban
forest in Tai’an City are deeply analyzed by GIS. It divided the area into forest land, water bodies,
wetlands, grasslands, and shrubs as the basic ecosystem types. And through secondary interpretation
and combination, a complete urban forest information database was established. To evaluate the
comprehensive benefits of urban forests, the analytic hierarchy process was utilized to establish a
corresponding evaluation index system. Based on the assessment outcomes of the comprehensive
benefits of urban forests in the area, a standard accounting method for urban forest ecological
compensation was proposed. The results showed that each index of the comprehensive benefits
of urban forests and the random consistency ratio were both less than 0.1. This indicated that the
matrix calculation results of various indicators of urban forest comprehensive benefits had good
consistency. At the target level, the comprehensive evaluation score of urban forests in the study
area was 7.69. At the factor level, the weight value of the urban forest landscape structure was
0.675, and the comprehensive score was 7.62. The weight value of urban forest comprehensive
benefits was 0.325, and the comprehensive score was 7.82. The quantitative weight value of urban
forest greening in the study area was 0.6138, with a comprehensive score of 7.57. Based on the
analysis of the issues in urban forests and ecological compensation in the research area of Tai’an
City, corresponding ecological compensation strategies have been proposed. It is of great value to
study the urban forest of Tai’an city, which can help to formulate more effective urban planning and
sustainable development strategies. The research results can also provide a valuable reference and
inspiration for the improvement of urban forest ecological environment and biodiversity protection
in other areas.

Keywords: GIS; urban forests; ecological compensation; sustainable development; benefit

1. Introduction

In recent years, environmental issues have received widespread attention, and ecolog-
ical protection has become a key task [1]. Under the guidance of landscape design concepts
in the new era, it is imperative to construct urban forests [2]. Urban forests have ecological,
economic, and social functions. Scientific comprehensive benefit evaluation and ecological
compensation research on urban forests are of great significance for maintaining the balance
of urban ecosystems [3]. Comprehensive benefit evaluation is an effective way to reflect
the overall level of urban forests, and evaluation indicators are the basic elements that
reflect the current situation of urban forest construction [4]. Urban forest research usually
includes a variety of methods and techniques, some of the main methods include ecological
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investigation, remote-sensing technology, geographic information system analysis, and
socioeconomic investigation. Chukwuka Af et al. used remote-sensing technology and
geographic information systems to conduct an in-depth study of a forest reserve from 1985
to 2017 to assess the dynamic changes in the landscape of the area [5]. In this study, a
three-way Markov chain model was used to predict the future forest cover. The results
showed that the number of woodland patches in the study area decreased while the average
patch size increased. This trend is further confirmed by the reduction in ladder diversity
and uniformity in the overall landscape. In addition, this study also validates the validity
and application potential of remote-sensing data and GIS in urban forest data measurement.
Lacerda Lidi et al. explored the effectiveness of urban planning tools in mitigating urban
forest loss by using geographic information systems and drew detailed images through
changes in land use and land cover [6].The study explored patterns, traces, and hot-spot
characteristics of urban expansion and forest cover loss, and the accuracy of the results
was high, with an average of about 91%. Chen Jianchao and other experts have conducted
in-depth comparative studies on the effective and intelligent management methods of
urban street trees [7]. A database for the management of roadside trees was created by
using GIS technology. Based on basic tree survey data, the researchers integrated digital
information to build a more comprehensive tree management system. The results show
that the detection accuracy of the visual database retrieval system based on GIS can reach
more than 95%, and it can be applied to address the symptoms of urban ecological forestry
analysis. However, these research methods also have some limitations, such as possible
difficulties in data acquisition, uncertain factor estimation, and the impact of model simpli-
fication on the actual situation. In addition, in urban settings, the impact of urbanization
on urban forests is an important consideration that needs to be studied and evaluated in
greater depth. In order to better understand the overall picture and effective management
of urban forests, a combination of different methods and continuous improvement are
needed to address the relevant limitations of urban forest research.

Currently, domestic and foreign scholars have established different evaluation indi-
cators due to differences in research regions, historical backgrounds, and construction
conditions. Sun Y and other researchers analyzed the static and dynamic benefits of return-
ing farmland to forests and ecological compensation [8]. The use of data-mining technology
was proposed and Bayesian networks were introduced to test ecosystem data. The research
shows that the prediction accuracy of the model can reach more than 90%, which can be
used in practice to build the standard model. Scholars such as Enzai D U conducted a
detailed analysis of the spatial pattern and ecological effects of nitrogen deposition in urban
forests based on observation and experimental research [9]. The study showed that the
chemical composition of nitrogen deposition also shifted between the urban, suburban, and
rural gradient, and the influence weight of nitrogen deposition on urban forests was higher
(0.638). Maur i cio L F et al. compared nutrient cycling and litter decomposition between
mixed litter and single-species litter (i.e., eucalyptus) to understand the significance of
using eucalyptus trees in urban parks [10]. Research has shown that in the urban forests of
Sao Paulo, mixed litter exhibited a greater dry mass loss and nutrient cycling.

The main idea of the urban forest ecological compensation system is a system that
aims at the long-term effective play of ecological functions, takes economic means as the
main adjustment mode, compensates stakeholders, and arouses enthusiasm for ecological
protection. The uses of the urban forest ecological compensation system mainly include
six points, namely, protecting and restoring the ecological environment, maintaining bio-
diversity, improving the quality of the ecological environment, improving the quality of
life of citizens, balancing the relationship between urban construction and the natural
environment, and promoting the development of the tourism economy. At present, the
United States and Germany have initially established the policy framework of ecological
service payment, forming a relatively complete theoretical system and realization mech-
anism of ecological compensation [11]. The United Kingdom and France adopt special
preferential policies such as tax exemption for state-owned forests to enhance their ecosys-
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tem service functions [12]. However, domestic research on the ecological compensation of
urban forest is still in its infancy. In addition, urban forest ecological compensation also has
many limitations; for example, urban forest ecological compensation often requires a lot
of funds and resources. With limited budgets and resources, the effective implementation
of compensation measures may be difficult. Measuring the effectiveness of compensation
measures is often difficult because the value of ecosystem services is not easily quantified.
Ecosystems in different regions have different characteristics and needs. Compensation
strategies in one area may not work in another. Overall, it is precisely because of the
complexity and diversity of urban forests that most research results do have significant
differences in the results obtained by different accounting methods. This also affects the
effective implementation of ecological compensation measures for urban forests due to
the lack of consistent data and evaluation criteria. GIS technology can provide spatial
analysis and data visualization, so as to more objectively reflect the current development
process of urban forests and the spatial relationship with other urban elements. A more
comprehensive consideration of these factors in the study will help to provide a more
accurate basis for urban forest management and planning. The approach to the division
of urban forests varies due to their conceptual diversity and is influenced by ecological
function and administrative considerations. In order to make effective definitions, on the
one hand, the ecological function of urban forests is emphasized, taking into account their
social function and economic function, and the green space with the above functions is sum-
marized as an urban forest. On the other hand, we should break the territorial contradiction
in management and undertake overall management from the regional perspective, so that
the division of the urban forest scope can better coordinate the interests of all parties. The
ecological environment in the southern mountain area of Tai’an City is good. The highest
point is Motianling at the border of Tai’an City. Most of the mountains in the area are less
than 500 m above sea level, and the forest coverage rate is high, which is an extremely
important part of the urban ecosystem [13]. Therefore, the study takes the urban forest in
the region as the research object, uses geographic information system (GIS) technology,
and uses remote-sensing images modified in 2021 as the data source to establish an urban
forest information database. And an innovative evaluation index system for the compre-
hensive benefits of urban forests in the region is established using the analytic hierarchy
process (AHP). Based on the theory of an urban forest ecological compensation system,
a standard accounting method for ecological compensation is proposed. In this study,
the evaluation method is innovated, and the forest ecological service value evaluation
method is established which is suitable for the characteristics of an urban environment. To
explore how multi-subject governance models can jointly participate in the construction
and implementation of the forest ecological compensation system, through the analysis
of the current situation of the urban forest ecological compensation system, the effective
implementation path of the urban forest ecological compensation system is obtained, and
certain scientific basis is provided for maintaining forest ecological environment, stabilizing
urban carbon cycle and protecting biodiversity.

2. Materials and Methods

To evaluate the comprehensive benefit of the ecological compensation of urban forests
in Tai’an city, an evaluation system based on the analytic hierarchy process and geographic
information system was established. Based on the comprehensive benefit evaluation of
urban forests in the research area, corresponding calculation standards and methods for
ecological compensation were proposed. Finally, by analyzing the problems of urban
forests and ecological compensation in the area, strategies for ecological compensation and
sustainable development are proposed.

2.1. Construction of an Urban Forest Information Database Based on GIS

Tai’an City is a prefecture level city located in the central part of Shandong Province.
It borders the provincial capital Jinan to the north, Jining to the south, Linyi to the east,
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and the Yellow River to the west, with a total area of 7762 km?. Tai’an City is named after
Mount Taishan. It is built near the mountain and integrates the mountain and the city. The
study area is located in the margin of Mount Taishan and in the east of North China Plain,
covering an area of 571.39 km? [14]. Mount Taishan is a typical area where the double
layered structure of the basement and caprock of the North China platform outcrops well.
The terrain of Mount Taishan is significantly different, and the terrain fluctuates greatly.
The main peak Yuhuangding is 1545 m above sea level, and within a horizontal distance of
less than 10 km, its relative height difference with the piedmont plain is more than 1300 m.
Mount Taishan has obvious geomorphic boundaries, various geomorphic types, and well-
developed erosion geomorphology [15]. The research area is located in the northern warm
temperate climate zone, and due to the influence of terrain, there are significant differences
in vertical gradient, horizontal distribution, and climate characteristics. The annual average
humidity is 63%, and the annual average relative humidity range is 39%.The southwest
wind and the northeast wind prevail at the top of Mount Taishan and in the urban area,
respectively, with an annual average wind speed of 6.5 m/s and 2.5 m/s, respectively. This
area belongs to the North China flora, and due to the influence of the Yellow Sea and Bohai
Sea, it has abundant rainfall and is a transitional zone between dry and wet conditions.
The vegetation is rich, divided into forests, shrubs, shrubland meadows, meadows, and
other types, with a forest coverage rate of over 80% [16]. The abundant water source and
complex terrain provide good conditions for various animals to forage and inhabit [17,18].
GIS technology is used to interpret remote sensing images of the area. On this basis, the
Clip command is utilized to trim the study area and correct its atmospheric and radiation
effects [19]. The comprehensive information of urban forests in the study area is denoted in
Figure 1.

A

B Forest land

[ ] Meadow
[ ] Bush

G AP [ ] Wetland
L 4 B Water body

Figure 1. Types of urban forest ecosystem based on GIS.

The building in Figure 1 presents a regular gray image with clear edges and shadows.
Through research on the study area and analysis of relevant topographic maps, it is found
that the distribution of the five ecosystem types in the area is relatively uniform. On
this basis, the comprehensive information of urban forests obtained is interpreted and
classified using remote-sensing images. Considering the needs of urban residents, they are
segmented to meet the corresponding urban forest evaluation standards. The urban forest
classification information of the study area is shown in Figure 2.
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Figure 2. Urban forest classification information.

The urban forest area in Figure 2 can be interpreted into five types, namely industrial
management forest, ecological public welfare forest, landscape and recreational forest,
affiliated courtyard forest, and road greening forest. By supervised classification of its
remote-sensing images, quantitative information of urban forests is obtained. And after
processing the interpretation results, the forest map database and attribute library of the
city in the area are obtained. Quantitative calculations are conducted on different types of
urban forest landscape indicators using Fragstats 4.2 software, and the data are collected to
obtain the classified patch landscape of urban forests. At the same time, data quantification
processing is conducted on the overall landscape index of the urban forest [20]. The
landscape classification and indicators of the urban forest classification patch level in the
study area are indicated in Figure 3.

After interpreting the remote-sensing images of the study area through a GIS (Latest
version, Redlands, CA, USA), the forest land, grassland, shrubs, and wetlands are extracted
and integrated into urban forests, which are divided into five types as shown in Figure 3.
Then, the corresponding forest information database is established to collect, integrate,
and manage multi-dimensional data related to urban forests, so as to better understand
and evaluate the status quo and changing trend of urban forests. It includes indicators
such as the maximum patch area index, aggregation index, landscape shape index, patch
density, amount of patches, percentage of patch type to landscape area, and patch type
area, as shown in Figure 3. The patches of road greening forests are large and have a high
connectivity. The amount of patches in the affiliated courtyard forest is relatively small, the
landscape fragmentation is relatively small, and it has good morphological characteristics.
The number of recreational forests is relatively small, mainly composed of large patches,
with a low level of landscape fragmentation and uneven distribution of patches. Ecological
public welfare forests account for the largest proportion in urban forests, with a moderate
density and high fragmentation. The landscape morphology is relatively complex and has
a good uniformity. The characteristic aspect of forest production is its low density and
scattered patch distribution.
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Figure 3. Urban forest classification patch horizontal landscape classification and indicators.

2.2. Construction of Comprehensive Benefit Evaluation Index System for Urban Forests

After obtaining comprehensive information on urban forests in the study area using
GIS, a comprehensive benefit evaluation index system is constructed. When selecting
evaluation indicators, it needs to fully consider the characteristics of urban forests. To
fully showcase the entire urban forest landscape, four basic principles should be followed.
Firstly, it needs to follow the scientific principle that the selected indicators should meet the
requirements of urban forest development and objectively reflect the functional character-
istics of the ecosystem. Secondly, it is necessary to meet the systematic principle, which
comprehensively considers the ecological, economic, and social benefits of urban forests, as
well as various factors such as structural characteristics and landscape patterns. It needs to
conduct a comprehensive evaluation of the construction status of various indicators, while
also reflecting the interrelationships between various subsystems, that is, select representa-
tive indicator factors to avoid overlapping evaluation content. Finally, it is necessary to
follow the principle of operability to ensure that the operational process is practical and
feasible, and to ensure that the data collection and calculation of evaluation indicators are
feasible. Based on the above principles and combined with the comprehensive information
of urban forests obtained from GIS, the indicator hierarchical structure model established
is shown in Figure 4.

The study classifies and layers complex problems, and fully considering the current
construction status of urban forests in the study area, a hierarchical model of the indicator
system is constructed. The model is mainly divided into four layers as shown in Figure 4.
After selecting supporting indicators that can provide support for the development status
of the region, the Delphi expert evaluation method is used to invite relevant experts
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to score each indicator. Finally, by combining qualitative and quantitative methods, a
comprehensive evaluation index system for urban forest quality in the region can be
obtained, as shown in Figure 5.

—_—————
Overall index » | Target layer |
| v
—_—————
B2 » | Factor level |
______ ~
. ] ¥ PR
Cl C2 C2 C3 C3 ] C3 ———— | Criterion layer |
o v
¥ y y y ¥ y y ¥ o ——
D1 ’ D2 D3 D4 D5 ’ D6 D7 D8 D9 Dn — | Index level |
______ 7
Figure 4. Multi-level index system model.
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Figure 5. Hierarchical model of urban forest comprehensive evaluation indicators.

In Figure 5, the study divides the comprehensive evaluation of urban forests into four
indicator levels and selects 33 evaluation indicators. The target layer set U for this research
evaluation is the urban forest landscape structure evaluation index (B1) and the urban forest
comprehensive benefit evaluation index (B2). In the factor layer, the evaluation indicators
for Bl include C1~C3, and the evaluation indicators for B2 include C4~C6. In the quasi
measurement layer, the evaluation indicators for C1 are D1~D5. The evaluation indicators
for C2 are D6~D10. The evaluation indicators for C3 are D11 to D16. The evaluation index
set for C4 is D17, D18, D19, D20, D21, D22, and D23. The evaluation index set for C5 is D24,
D25, D26, D27, and D28. The evaluation index set for C6 is D29, D30, D31, D32, and D33.
In addition, the study will use the Delphi method and AHP to assign weights to evaluation
indicators [21]. Experts and scholars in the field are invited to compare each indicator before
assigning weights. Using mathematical statistics methods, it conducts statistical analysis
on the results of expert evaluations. By constructing a comparison matrix and using the
assignment method, the importance of each element within the same level is compared. On
this basis, various elements are combined with the urban forest index evaluation system for
subjective evaluation. And the 1-9 scale method is utilized to quantify it. The proportional
scale of the relative importance of elements is shown in Table 1.
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Table 1. Scale of relative importance of elements.

Scale Implication Scale Implication
1 Both elements are equally 9 The former element is more
important important than the latter

The former element is slightly The ratio of influence between the

3 . 2,4,6,8 two elements is between the above
more important than the latter .
two adjacent grades
5 The former is significantly more
important than the latter 11/2 The ratio of influence between the
I . ; he f ! 1 /é' v two elements is the reciprocal
7 n pairwise comparison, the former number of the above scale

is more important than the latter

The normalization summation method is used to solve the eigenvector W and the
maximum eigenvalue Amayx. Firstly, it normalizes the column vectors of the judgment
matrix, and the calculation expression is shown in Equation (1).

(11‘]‘

b =

J (i=1,2,...,n) 1)

i1 4ij
Vectors in each row are added to obtain Equation (2).

n

‘/i = =1

bij(i,j:1,2,...,n) (2)

It normalizes the vector again to obtain the weight vector, as shown in Equation (3).

0j
n .
i—1 Vi

W, = (i=1,2,3,...,n) 3)

From Equations (1) to (3), the vector [wy, wy, ..., w,|T can be obtained, which is the
weight vector. Finally, the maximum eigenvalue Apax of the judgment matrix is calculated,
as denoted in Equation (4).

AW). .,
Amax :Z?:l (11V\/il(l,] = 1,2,3,...,71) (4)

In Equation (4), (AW); represents the i element of AW, and n represents the order.
Calculation by specialized mathematical software can ensure the accuracy of weighting.
This study uses MATLAB software (R2022a version, Natick, MA, USA) to solve the maxi-
mum characteristic root Amax of the matrix S. In the actual calculation, some comparative
averages may not fully achieve consistency, but to some extent, they can still be considered
consistent. Equation (5) is the consistency testing formula [22].

CIl = Amax—1
{ o ®

In Equation (5), RI means the average random consistency indicator. CR means
the consistency ratio. When CR < 0.1, consistency testing is acceptable, otherwise the
judgment matrix will be corrected. The fuzzy comprehensive evaluation method is based
on quantitative data as support and combined with the subjective consciousness of the
evaluatorto conduct a comprehensive evaluation of the target from multiple perspectives.
The steps are as follows: Firstly, determine the set of evaluation indicators. Secondly,
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determine the evaluation level. Next, determine the fuzzy relationship between each
evaluation objective from U to V through Equation (6).

i Tz o Tim
roy T r

R=|72 = o< <1 (6)
1l "n2 Tu3 Tum

In Equation (6), r;; represents the frequency distribution of the i factor u; on the j
comment v;. The factors in U usually satisfy }_r;; = 1 for the membership relationship of
grade v; in V. Finally, combining the weight W of the indicator with the fuzzy relationship
matrix R, the overall evaluation vector of the indicator is determined [23].

2.3. Construction of Evaluation Index System for Urban Forest Ecological Compensation Standards

The ecological compensation mechanism is an important guarantee for fully utilizing
the ecological service function of urban forests. The research is based on the basic theory of
ecological compensation and provides corresponding accounting methods, providing a
theoretical basis for ecological compensation strategies in the region [24]. Figure 6 shows
the overall framework of the ecological compensation mechanism.

Ecological Overall government R
product coordination
y g .
[ Compensation H Compensation H Compensating} Legalization,
subject mode object marketization and |
1 diversification
Compensation Ecological monitoring\
standard system N
(8 J

Compensation
mechanism

Ecological
compensation

\

Figure 6. Overall framework of the ecological compensation mechanism.

In Figure 6, the subject of ecological compensation is Tai’an City, and the subject of
compensation is the research area. Based on international practical experience in ecological
compensation, diversified approaches to ecological compensation have been proposed.
At present, the main means of ecological compensation are mainly government financial
transfers, supplemented by other means. In addition, further progress is needed in marke-
tization [25]. The ecosystem service function refers to the various benefits provided by the
ecosystem to humans, including various supply services, such as carbon sequestration and
oxygen release, air purification, and climate regulation services. Ecosystem services closely
integrate the relationship between humans and nature, and the gross ecosystem product
(GEP) denotes the sum of the values of various goods and services provided by ecosystems
to humans. By establishing a GEP accounting system, it is possible to evaluate the gross
domestic product of various ecosystems [26,27]. Based on the above theory, the urban
forests’ comprehensive benefits are composed of ecological, economic, and social benefits.
Figure 7 shows the evaluation index system for urban forest ecological compensation
standards constructed through research.
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Figure 7. Evaluation index system of the urban forest ecological compensation standard.

In Figure 7, ecological benefits are mainly reflected in water source conservation, soil
conservation, air purification, water quality purification, carbon sequestration and oxygen
release, climate regulation, wind and sand fixation, and other aspects [28]. The connotation
of water conservation capacity is mainly reflected in two aspects: regulating water quantity
and purifying water quality. The main connotation of soil and water conservation capacity
is water and fertilizer conservation. The air purification capacity is evaluated based on
the absorption of gaseous pollutants, delayed TSP, PM10, and PM2.5. The meaning of
water quality purification capacity is the removal amount of COD, the purification of
total nitrogen, and the purification of total phosphorus [29]. The ability to fix carbon
and release oxygen is measured by the fixation of carbon dioxide and the production of
oxygen. The energy consumption of vegetation transpiration and surface evaporation is
the main connotation of its climate control ability, and the ability to prevent wind and
fix sand is measured by the amount of sediment deposition as an indicator of its sand
blocking ability. The indicators of economic benefits include agriculture, forestry, animal
husbandry, fisheries, and the value of water resources. The indicator connotation of the
agricultural product value is the yield and output value of agricultural products. The
indicator connotation of the forestry product value is the yield and output value of forestry
products. The connotations of other indicators are respectively described in Figure 7. The
distributed accounting model for urban forest ecological compensation standards is shown
in Figure 8.
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Figure 8. Distributed accounting method model of the urban forest ecological compensation standard.

In Figure 8, the distributed measurement method first partitions heterogeneous urban
forests and divides them into several levels. And according to different types of urban
forests, they are divided into several secondary measurement units [30]. Secondly, the
original forest is divided into two three-layer units, namely the natural forest and artificial
forest. According to the age of the forest, it is divided into four levels of measurement
units: young, medium-aged forest, near-mature forest, mature forest, and over-mature
forest. On this basis, an ecosystem service function evaluation index system is established.
In the calculation of ecological compensation standards, the calculation expression of the
value of regulating water volume for water source conservation capacity is shown in
Equation (7) [31].

Ur = GT X CK (7)

In Equation (7), Gt is used to evaluate the annual adjusted water volume of the forest
stand, and Ck is the buying and selling price of the water resource market. The calculation
of the soil consolidation value in the soil retention capacity is shown in Equation (8) [32].

Ug:ngCt/p 8

In Equation (8), p is the soil capacity. G, is used to evaluate the annual soil conservation
of forest stands. C; represents the cost of earthwork excavation and handling per unit
volume. The calculation of the value of absorbing gas pollutants in the air purification
capacity index is shown in Equation (9) [33].

U, = G502 X K502 + Gf X Kf + GN X KN (9)

In Equation (9), Gs, represents the annual absorption of SO, by the evaluated for-
est, and K, represents the management cost of SO,. Gy represents the annual fluoride
absorption of the evaluated forest, while Ky represents the cost of fluoride treatment. Gy
represents the annual absorption of nitrogen oxides by the evaluated forest, and Ky repre-
sents the cost of fluoride treatment. The calculation for the value of dust retention is shown
in Equation (10) [34].

U, = Ursp + Uppio + Upm2s (10)

In Equation (10), Urgp represents the value of the annual overdue TSP of the evaluated
forest stand. Upp1g represents the value of annual late payment PM10 in the assessed forest
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stand. Upp 5 represents the value of evaluating the annual overdue PM2.5 of the forest
stand. The calculation of the water purification value is shown in Equation (11) [35].

ude = Gde + K (11)

In Equation (11), G, represents the annual water purification amount of the evaluated
forest, and K; represents the water purification cost. In terms of carbon sequestration
and oxygen release capacity, the calculation of the carbon sequestration value is shown in
Equation (12) [36].

Ue = Ge x C¢ (12)

In Equation (12), C,. is the carbon sequestration price. G, represents the assessment of
potential annual carbon sequestration in forest ecosystems. The calculation of the oxygen
release value is shown in Equation (13) [37].

Uy =G, xC, (13)

In Equation (13), G, is used to evaluate the annual oxygen release content of the forest.
C, is the price of oxygen. In terms of climate regulation capacity, the calculation of the
climate regulation value is shown in Equation (14) [38].

Uy = Gy X Cy (14)

In Equation (14), Gy is the annual climate regulation potential evaluation of the
forest ecosystem. C, represents the cost of climate adjustment. The calculation of the
wind and sand fixation value in the wind and sand fixation capacity index is shown in
Equation (15) [39].

Uwes = Kwaes X Guges (15)

In Equation (15), Kyy¢s represents the cost of wind prevention and sand fixation. Gpgs
represents the evaluation of the quality of forest windbreak and sand fixation materials. In
the indicators of cultural and educational functions, the calculation of the value of cultural
and educational functions is shown in Equation (16) [40].

Uegee = 02U (16)

In Equation (16), Uy, represents the value of urban forest tourism, the leisure industry,
and popular science education. In the indicators of sterilization and health functions, the
calculation of the value of sterilization and health functions is shown in Equation (17).

uhhr = Ksterilize X Gsterilize (17)

In Equation (17), Kgerilize represents the sterilization cost. Ggyeririze Tepresents the
annual bactericidal capacity of the evaluated forest stand.

3. Results

The experiment used expert evaluation and fuzzy comprehensive evaluation methods
to assess the comprehensive benefits of urban forests in the study area. In total, 40 industry
experts independently evaluated various evaluation indicators of urban forests in the
research area. It determined each indicator as a 10-point-scale score. The results of the
fuzzy comprehensive evaluation and weighted results were taken as the final basis. The
study introduced consistency testing to determine the rationality of the weights. In this
equation, RI can be obtained from Table 2. In general, when CI < 0.1,CR < 0.1, it
indicated that the matrix had passed the consistency check. Otherwise, a new comparison
was required. Then, MATLAB software (R2022a version, Natick, MA, USA)was utilized to
calculate and obtain the maximum eigenvalue of the judgment matrix 5. The RI values for
the matrix orders 1-10 are shown in Table 2.
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Table 2. RI values of matrix order 1-10.

Rank RI Rank RI
1 0.00 6 1.26
2 0.00 7 1.36
3 0.52 8 1.41
4 0.89 9 1.46
5 1.12 10 1.49

AHP was utilized to calculate the weights of indicators and construct a judgment
matrix. Before verifying consistency, it was necessary to obtain consistency indicators. The
consistency index calculation results of each indicator are shown in Figure 9.

0.10 - 3.0964 Z3.10 0.05 B Jmax -®- CI -©- CR 7 8.00
I \max --M- CI g 0.05 [ n - 7.00
g 309 5 o004t
= > = 16.00
> 308 g 004r . - DS
x L ‘._ K - .
< 307 » & 003 ‘ %
£ gz oot B B {400
= <
g 306 = 2 002f 1300
2 305 g 002r 42,00
Z o 0.01F
3 3.04 0.01 - — 1.00
3.03 0.00 0.00
Cl C2 C3 C4 C5 Co6
Index Index
(a) Secondary index (b) Three-level index

Figure 9. Calculation results of consistency index of each index of the urban forest comprehensive
benefit.

In Figure 9, the consistency index CI of various indicators of urban forest comprehen-
sive benefits was less than 0.1, and the random consistency ratio CR in the calculation was
also less than 0.1. From this, the matrix calculation results of various indicators of urban
forest comprehensive benefits had a good consistency. The study obtained the weights of
each level by calculating the factor level, criterion level, and indicator level. The concept
of composite weights was proposed. This method involves multiplying the weights of
indicators at each level to reflect the weighted relationship between indicators at each level.
The weights of the factor layer and the criterion layer are shown in Figure 10.

¥ Bl B2 Cl1 C2 AC3 A C4 AC5 MCo

0.6138

=
.20
=
0.2393
0.1469 QST 0.1363
| 1 1 | l 1 | k | k
B1 B2 C1 €2 C3 C4 C5 Co6
Index

Figure 10. The weights of factor layer and criterion layer.

In Figure 10, in the factor layer, the weights of Bl and B2 were 0.675 and 0.6667,
respectively. In the criterion layer, the urban forest ecological efficiency index had the
highest proportion of weight, with a weight value of 0.6899. The urban forest social benefit
indicator with the smallest weight proportion had a weight value of 0.1363. The weights
and comprehensive weights of the indicator layer are shown in Figure 11.



Forests 2024, 15, 285

14 of 19

0.50
0.45
0.40 ] 1
0.35 +
0.30 { I
0.25 H
0.20 H
0.15 {
0.10 -

oo I L D 0 R A,

D1 D3 D5 D7 D9 DIl D13 DI5 D17 D19 D21 D23 D25 D27 D29 D31 D33

Index

Weight

0.18 (a) Index layer weight
0.16 - -
0.14
0.12 i
0.10 H
0.08 H
0.06 A
0.04 H

* ALLILIL, .H.ﬂ.ﬂ.n.”.ﬂ.ﬂ.n.n.n. .H.ﬂ.ﬂ.H.H.n.n.ﬂ.n.n.n.ﬂ.n.n.n.ﬁ.

D1 D3 D5 D7 D9 DIl D13 DI5 D17 D19 D21 D23 D25 D27 D29 D31 D33

Index

Weight

(b) Comprehensive weight

Figure 11. Weight and comprehensive weight of the indicator layer.

As shown in Figure 11, among the quantitative indicators of urban forest greening,
the forest coverage index had the highest weight value, with a weight value of 0.3796.
The new afforestation area index had the lowest weight value. This indicated that the
urban green coverage rate in the study area was relatively high, but the forest coverage
rate needed to be improved. In the indicators of the urban forest landscape pattern, the
indicators with the highest and lowest weight values were landscape diversity indicators
and landscape aggregation indicators, respectively. This indicated that the forest landscape
had a high degree of fragmentation, and the distribution of forest landscapes in various
types of cities was uneven. Among the urban forest structure characteristic indicators, the
proportion of local tree species accounted for the highest weight value, with a weight value
of 0.3748, while the forest age level structure indicator accounted for the lowest weight
value. This indicated that the richness of forest tree species in the city was insufficient, and
the vegetation structure was relatively single. It was necessary to improve the age structure
of urban forests. Among the ecological benefits indicators of urban forests, the water
conservation capacity indicator had the highest weight value, while the wind prevention
and sand fixation capacity indicator had the lowest weight ratio of 0.0595. The overall
ecological benefits of the forest in this area were good, but its role in wind prevention
and sand fixation has not been fully utilized. Among the economic benefits indicators of
urban forests, the forestry product value indicator had the highest weight value, while
the water resource value indicator had the lowest weight value. This indicated the low
level of forestry economic development, backward industrial development, and weak
market competitiveness in the research area. Among the social benefits indicators of urban
forests, the leisure and recreational function indicator had the highest weight value, with a
weight value of 0.4531. The lowest weight value was the disease and pest control function
index, which was 0.0557. The results showed that leisure and recreational functions had
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an advantage in urban forests, but the disease and pest control functions were insufficient,
and the ecological isolation system was lacking. As shown in Figure 12, the results of fuzzy
comprehensive evaluation were summarized into the weight results of each indicator.

-4 Fine Preferably --@®- Normal
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0.5
0.4
0.3
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0.1

0

Weight

Index level
(a) Normal or good evaluation

- Range Very bad
0.35
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0.20
0.15
0.10
0.05
0.00

Weight

Index level
(b) Poor evaluation

Figure 12. The results of fuzzy comprehensive evaluation are summarized in the form of the
proportion of each rating of each indicator.

From Figure 12, the proportion of respondents who evaluated urban forests in the
study area as good and poor was 34.19% and 3.44%, respectively. The proportion of respon-
dents who evaluated the urban forest landscape structure as good and poor was 32.78%
and 3.47%, respectively. The proportion of respondents who evaluated the comprehensive
benefits of urban forests, quantitative urban forest greening, and urban forest landscape
pattern in the study area as good was 37.12%, 31.09%, and 34.25%, respectively. The pro-
portion of respondents who evaluated the structural characteristics of urban forests in
the study area as good and poor was 37.44% and 4.25%, respectively. The proportion of
respondents who evaluated the ecological benefits of urban forests in the study area as
good and poor was 40.80% and 2.39%, respectively. The proportion of respondents who
evaluated the economic benefits and social benefits of urban forests in the study area as
good was 24.26% and 34.87%, respectively. In summary, the evaluation of the urban forest
ecological benefits had the highest proportion of respondents who gave good evaluations,
followed by the evaluation of the urban forest structural characteristics. This indicated
that the ecological environment and structure of the region were relatively complete and
have achieved good ecological benefits. The study adopted a 10-point scoring model, with
five levels given 10, 8, 6, 4, and 2 points, respectively. The above fuzzy comprehensive
evaluation results were weighted to obtain the comprehensive evaluation results of each
indicator, as shown in Figure 13.

As shown in Figure 13, the comprehensive score of C1 was 7.57. This indicated that
the area still maintained a high green coverage rate, but it still needed to be improved. The
index of ancient and famous trees was severely lacking, and there was a certain gap in
the quantity and quality of new afforestation. The comprehensive score of C2 was 7.74.
This indicated that urban forest landscapes had a high fragmentation and strong human
disturbance, a lack of small and medium-sized patches, and an unevenness of different
types of forest landscapes. The comprehensive score of C3 was 7.69. This indicated that
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there were relatively few plant species in the region, and the plant species were relatively
single. The comprehensive score of C4 was 8.06, with a comprehensive score of 8.93 for
D17 and 8.33 for D18. The comprehensive score of D19 was 7.87, while the comprehensive
score of D20 was 6.40. The comprehensive score of D21 was 8.73, and the comprehensive
score of D22 was 7.00. The comprehensive score of D26 was 5.60. The results indicated that
the overall ecological benefits of the region were good, mainly manifested in maintaining
water sources, fixing carbon, and releasing oxygen. Due to its regulatory effect on climate
being far from the average of its ecological benefits indicators, it was unable to effectively
play its role in wind prevention and sand fixation. The comprehensive score of C5 was
6.89. Among them, the comprehensive score of D24 was 7.67, and the comprehensive score
of D25 was 7.20. The comprehensive score of D26 was 5.60, and the comprehensive score
of D27 was 6.80. The comprehensive score of D28 was 5.20. This indicated that the urban
forest economy was generally relatively backward, with relatively backward industrial
development and weak product competitiveness. Especially for livestock and fishery
products, they still remained at the low end of the market. Water resources have been
greatly polluted. The comprehensive score of C6 was 7.88. Among them, the comprehensive
score of D29 was 8.27, and the comprehensive score of D30 was 7.60. The comprehensive
score of D31 was 7.33, and the comprehensive score of D32 was 8.33. The comprehensive
score of D33 was 6.40. This indicated that leisure tourism occupied a dominant position in
urban forests.
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(b) Index level
Figure 13. Scores of urban forest indexes at all levels.

4. Discussion

On the criterion level, the weight value of C1 was 0.6138 and the comprehensive score
was 7.57. The main performance is that the urban green coverage rate is high, but the forest
coverage rate and the index of old and famous trees are low, and the total amount and
quality of new afforestation are insufficient. The weight value of C2 was 0.2393 and the
comprehensive score was 7.74. The main characteristics are high landscape fragmentation,
a high level of human activities, few patches in medium and large scale, and an uneven
spatial distribution of various urban forest lands. The weight value of C3 was 0.1469 and
the comprehensive score was 7.69. The results showed that there were less species of plants
under the forest, less species of plants under the forest, and a poor combination of forest—
net-net under the forest. The weight value of C4 was 0.6889, and the comprehensive score
was 8.06. Among them, the ability of soil and water conservation and carbon sequestration
and release is good, but the ability of climate regulation is far less than the ecological benefit
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index, and the function of desertification prevention and control has not been effectively
enacted. The weight value of C5 was 0.1737, and the comprehensive score was 6.89. Among
them, the added value of animal husbandry and fishery products was still very low, and the
pollution of water resources was also relatively serious. The weight value of C6 was 0.1363,
and the comprehensive score was 7.88. Among the three types, the recreation function was
dominant, and the cultural education and flood control and storage function were strong,
while the health preservation value with disinfection and health as the main effect was
higher, and the disease and pest prevention and control ability was poor. Firstly, the overall
forest quality in urban areas should be improved, and the overall forest area and forest
coverage rate should be increased. Scientific planning and improvement of the urban forest
landscape should be used to carry out analyses of plant community structure, increase
native tree species, create characteristic plant landscape, improve biodiversity, and achieve
urban forest ecosystem benefits. At the same time, the ecological benefits of urban forests
should be enhanced, ecological weaknesses should be fully replenished, the integration of
agriculture and tourism should be promoted, modern agriculture should be developed,
and ecological bottom line protection should be enhanced. In addition, there is a need to
enhance the social benefits of urban forests, create high-quality natural landscapes, tap local
history and culture, and develop advantageous tourism products to enhance the overall
social benefits. Through these measures, we can better promote the sustainable use of
urban forests and realize the coordinated development of ecology, economy, and society.

5. Conclusions

The study shows that at the target level, the score of the study area Al was 7.69. On
the factor level, the weight value of B1 was 0.675, and the comprehensive score was 7.62.
The weight value of B2 was 0.325, and the comprehensive score was 7.82. On the criterion
level, the weight value of C1 was 0.6138 and the comprehensive score was 7.57. The weight
value of C2 was 0.2393 and the comprehensive score was 7.74. The weight value of C3 was
0.1469 and the comprehensive score was 7.69. The weight value of C4 was 0.6889, and the
comprehensive score was 8.06. The weight value of C5 was 0.1737, and the comprehensive
score was 6.89. Among them, the added value of animal husbandry and fishery products
was still very low, and the pollution of water resources was also relatively serious. The
weight value of C6 was 0.1363 and the comprehensive score was 7.88. Studies may be
limited to specific time periods and locations, and they may not fully reflect the long-term
impacts and trends of urban forests. Secondly, the study may ignore the impact of local
socioeconomic factors and cultural characteristics on urban forests, and they may lack a
comprehensive perspective. In addition, there may be limitations in observation methods
and assessment indicators in their ability to fully and accurately reveal the ecological, social,
and economic impacts of urban forests. In view of the above, future work in the field
of urban forests requires interdisciplinary cooperation, improved assessment methods,
enhanced data monitoring, and enhanced science popularization.
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