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The assessment of urban green space (UGS) ecological and landscape services includes two aspects
of ecological environment and landscape perception, which are crucial to sustainable development.
Based on the three-dimensional Karst UGS environment, this study evaluates UGS ecological and
landscape services using the index evaluation system with multi-dimensional attributes and the
TOPSIS method. The results shows that: (1) the distribution of Karst UGS ecosystem service generally
shows a “high in the east and low in the west” pattern, while the landscape perception service shows
nonlinear; (2) SC has the highest weight, accounting for 20.89%; (3) the proportion of low-quality UGS
was 89.63%; and (4) there is significant correlation between ecological benefit indicators. GSA has a
significant correlation with the other seven indicators. This evaluation of UGS in South China Karst
from ecological, residential, and social perspectives offers insights for global Karst urban

management.

Karst landforms are widely distributed across the globe, with notable
regions located in eastern North America, around the Mediterranean in
Europe, and centered in East Asia, particularly in southwestern China
(such as Guizhou, Guangxi, Yunnan provinces)'. These areas hold sig-
nificant geological, biodiversity, and aesthetic value. The Karst areas in
southern China are renowned for their unique natural formations and
ecosystems, earning recognition as a UNESCO World Natural Heritage
Site”. It serves not only as an important scientific resource but also as a
precious part of China’s natural and cultural heritage’. However, the rapid
pace of urbanization® is placing severe stress on the natural heritage and
ecosystems of China’s southern Karst areas’. Karst processes have led to
distinctive topographies such as stone forests, peaks, depressions, and
sinkholes, yet they also result in thin soil layers with weak water retention
capabilities. These geological characteristics render Karst areas ecologically
sensitive, with scarce land resources, severe soil erosion, and relatively low
ecosystem stability and resilience’. Additionally, frequent human activities
have further threatened the integrity of the Karst ecosystems. As a vital
component of urban ecosystems, green spaces are crucial indicators of
urban ecological health. They perform multiple ecological and landscape
functions, significantly contributing to improving environmental quality,
regulating climate, conserving biodiversity, and providing cultural and
recreational services”™. Thus, a scientific assessment of the ecological and
landscape service levels of urban green spaces (UGS) in Karst areas is of
great practical significance. It not only reveals the status and distribution of

ecosystem services but also provides a scientific basis for sustainable
regional urban development.

Under the dual pressures of a fragile ecological environment and
intense human activities, the ecosystem services in Karst areas exhibit
unique characteristics, reflected in provisioning, regulating, supporting, and
cultural services”. Research indicates that Karst ecosystems provide essential
provisioning services, such as water resources, food, and energy. The sub-
terranean rivers and groundwater in Karst regions are crucial for the daily
lives of local residents and agricultural irrigation. Additionally, they serve as
the primary sources of industrial water supply'’. The region’s vegetation,
timber, medicinal herbs, and other forest products provide essential material
resources for local communities. Secondly, the regulating services in Karst
areas are evident in climate regulation, water conservation (WC), soil
retention, and carbon sequestration (CS) functions''. The developed
underground Karst systems enhance groundwater storage and regulation
capabilities, effectively modulating regional water cycles and climate.
Moreover, the vegetative cover aids in soil retention and CS, playing a critical
role in combating rock desertification, crucial for maintaining Karst eco-
system services'”. Supporting services form the foundation for other eco-
logical services, encompassing biodiversity, soil formation, and nutrient
cycling’. Despite the rich biodiversity and numerous endemic species in
Karst areas, ecological fragility poses significant threats to biodiversity.
Additionally, unique geological conditions influence soil formation and
nutrient cycling, characterized by slow soil formation, nutrient-poor
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conditions, and rapid water erosion due to developed Karst fissures leading
to nutrient loss". Lastly, cultural services are embodied in the unique natural
landscapes and cultural heritage, contributing to tourism, education,
research, and aesthetic appreciation. The current methods commonly used
in the assessment of ecosystem services include biophysical evaluation,
economic valuation, spatial assessment, and integrated evaluation'*".
Among these, the comprehensive evaluation method stands out by selecting
indicators, constructing an evaluation system, and building assessment
models that can be tailored specifically for the Karst environment'.
Quantitative evaluation methods mainly include: model evaluation, which
uses ecological equations to assess key functions like soil retention and CS,
suitable for small-scale studies'’; and value equivalent methods, which assess
service values based on ecosystem area, apt for large-scale studies'. Weight
determination methods frequently used include the analytic hierarchy
process (AHP), entropy weight method (EWM), and coefficient of variation
method"’. The AHP method is more subjective; the EWM reflects the degree
of dispersion of the data from an objective point of view and is more
influenced by the data; and the coefficient of variation method requires that
the indicators are of equal importance. Each method has its advantages and
limitations, with AHP-EWM combination weighting overcoming the
constraints of using AHP or EWM alone”, thus providing a balance of
subjective and objective weighting advantages’”. Additionally, linear
combination evaluation in multi-criteria evaluation models can determine
weights, commonly applied in land suitability analysis™ .

On an urban scale, ecosystem services research is a vital branch of the
field*. In urban ecosystems, the concept of ecosystem services connects
human societies with urban ecological systems, describing the relation-
ship between humans and their ecological environment. UGS, embody-
ing ecological-social-economic functions, are primary sources of urban
ecosystem services, significantly enhancing residents” quality of life and
well-being”’. Current research on UGS ecosystem services covers topics
such as carbon emission reduction” and air purification”. However,
despite substantial studies on UGS ecosystem services’”', research
focused specifically on green space ecosystem services in Karst areas
remains limited. The unique geological conditions in Karst areas con-
tribute to notable regional variability in ecosystem service functions.
Research indicates that Karst areas have higher water yields and soil
retention rates than non-Karst areas™, giving their UGS unique geological
advantages in rainwater runoff regulation, soil conservation (SC), and
microclimate modulation.

The intricate terrain characteristics challenge effective assessment,
optimal green space layout, and comprehensive service capacity
enhancement of Karst UGS. Currently, research on Karst UGS ecosys-
tem services often focuses on quantifying individual ecological envir-
onment service functions™** or quantifying landscape cultural values
alone™”. Still, comprehensive evaluations are rare and frequently dis-
regard the human dimension. In the mountainous geographical context,
the three-dimensional spatial characteristics of Karst UGS stand out,
making landscape visual quality-based cultural value evaluations less
reflective of local residents’” perceptions™. Therefore, this study intro-
duces indicators centered on landscape experiential perception, sup-
plementing evaluations of visual, cultural, and aesthetic services that are
difficult to directly measure™, while incorporating social and economic
information. In addition, SC and biodiversity conservation (BC) indi-
cators have been incorporated into the ecosystem service assessment to
describe the ecological sensitivity of Karst areas. In summary, this study
constructs an AHP-EWM combined weighting TOPSIS evaluation
model based on selected indicators to assess the ecological and landscape
services of Karst UGS from both ecological and cultural benefits per-
spectives. The aim is to profoundly uncover the regional characteristics
of Karst urban green areas and multidimensionally reflect their spatial
information. This research provides a reference for assessing the eco-
logical and landscape services of Karst UGS and offers insights into green
space management and ecological protection in similar geomorpholo-
gical areas worldwide.

Methods

Overview of the study area

Yunyan District of Guiyang City is located in Guizhou Province, China, with
a geographically advantageous position at 106°29’-47’E longitude and
26°33/-41' N latitude, as shown in Fig. 1. The district borders Wudang
District to the east, Guanshanhu District to the west, and Nanming District
to the south, with Baiyun District to the northwest. Covering a total area of
93.57 km?, it has an average elevation of 1184 m. As 0of 2023, Yunyan District
is home to a permanent population of 1.1535 million, renowned across
Guizhou Province for having the smallest land area yet the highest popu-
lation density. In terms of climate, Yunyan District experiences a typical
subtropical monsoon climate, characterized by mild temperatures and
abundant rainfall throughout the year. Thanks to well-executed regional
planning and excellent vegetation coverage, the district showcases a har-
monious coexistence between urban development and natural landscapes.
As one of Guiyang’s historic urban districts, Yunyan has preserved a wealth
of historical heritage throughout its urbanization process. Its Karst-
dominated mountainous terrain presents unique challenges and opportu-
nities for urban construction, shaping a city layout that adapts to the natural
topography. This makes Yunyan District a quintessential example of a Karst
city. Its beautiful natural environment and rich cultural heritage together
contribute to the district’s distinctive charm.

The Karst landform, with its unique geological conditions, significantly
influences the overall layout of UGS, setting it apart from typical cities and
giving rise to distinctive characteristics (see Fig. 2). Firstly, due to the
mountainous terrain, urban spaces develop in a three-dimensional manner.
This is exemplified by the construction of pedestrian bridges and under-
ground passages, as well as tunnels, flyovers, and elevated highways for
vehicles. To save ground space, underground parking facilities are also
incorporated. This design results in green spaces adopting a similarly three-
dimensional configuration, such as the utilization of spaces beneath bridges
and the greening of mountain slopes. Moreover, some mountainous areas
remain undeveloped, coexisting with urban structures as idle green spaces,
creating a unique landscape pattern of “a city within mountains and
mountains within a city.” On the other hand, developed mountainous areas
have been transformed into distinctive types of mountain parks. This study
focuses on UGS other than idle green areas, emphasizing the uniqueness
and rich diversity of UGS in Karst areas.

Data sources and pre-processing
The study incorporates diverse data sources, including remote sensing,
meteorological, population, and survey data, as detailed below: (1) remote
sensing images include: (i) GF-6 remote sensing imagery of Yunyan District,
Guiyang, for 2023 was obtained from the Geovis Earth Data Cloud website
(https://datacloud.geovisearth.com). The imagery, with a resolution of
2 m x 2 m, underwent preprocessing steps such as radiometric calibration,
atmospheric correction, and image registration, providing high-precision
geographic data for subsequent analysis. (ii) The slope data of Yunyan
District is sourced from the Remote Sensing Ecology website (http://www.
gisrs.cn/applists) with a resolution of 30 m x 30 m. (2) Comprehensive
meteorological data include: (i) monthly temperature, precipitation, and
sunshine duration for 2023, sourced from the China Meteorological
Administration (https://data.cma.cn). (ii) Annual evapotranspiration data
for 2020-2023, retrieved from the USGS FEWS website (https:/
earlywarning.usgs.gov/fews). These datasets offer a dynamic backdrop for
studying the relationship between green spaces and climatic conditions. (3)
Population distribution data for 2020 were acquired from the WorldPop
website (https://www.worldpop.org), featuring a resolution of 100 m x 100 m.
This data provides insight into the demographic characteristics of the study
area. (4) Field surveys were conducted to collect questionnaires on residents’
satisfaction with nearby green spaces. Details of the questionnaire content are
provided in the supplementary materials. The results are used to analyze green
space usage and cultural perceptions, enriching the study’s social dimension.
In terms of data processing and analysis, the 2023 remote sensing
imagery of Yunyan District was used to extract the built-up area boundaries

npj Heritage Science| (2025)13:176


https://datacloud.geovisearth.com
http://www.gisrs.cn/applists
http://www.gisrs.cn/applists
https://data.cma.cn
https://earlywarning.usgs.gov/fews
https://earlywarning.usgs.gov/fews
https://www.worldpop.org
www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01759-y

Article

70°0'0"E 80°0'0"E  90°0'0"E  100°0'0"E 110°0'0"E  120°0'0"E  130°0'0"E  140°0'0"E 106°0'0"E 106°10'0"E 106°30'0"E 106°50'0"E 107°0'0"E 107°20'0"E
. 1 1 1 1 1 1 1 1 z 1 1 1 1 1 1
=1Chi % z |Gui N |z
g na N | & & |Guyang E
& £
8 IS
£ z
S S
= z z
£ | £ & ) &
2] 2 2z Kaiyang z
¥ . -2
& 5
4 z
z 71 B
£ £ & &
g g Z . z
G §_ Qingzhen _§
. z 4
Z Legend | 7 z 27 B
= CV N P I = &
g Il Guiyang boundary 7 PR g z Legend z
3. . =3 =4
:\ Guizhou province boundary / i & - Yunyan District |5
M L I lku 57 i 2T MU LI 1xm Guiyang boundary|
0 300 600 1200 1800 2,400 \ e 5 Jos510 20 30 40 RS
T T T T T T T T T T T T &
80°0'0"E 90°0'0"E 100°0'0"E 110°0'0"E 120°0'0"E 130°0'0"E 106°0'0"E 106°10'0"E 106°30'0"E 106°50'0"E 107°0'0"E 107°20'0"E o«
106°36'0"E 106°39'0"E 106°42'0"E 106°45'0"E 106°48'0"E
1 1 1 1 1
7 \
'Bui in Yi Dirstri ‘ N
b uilt-up area in unya wrstrict
1 J— e~ .
I - [ | IS { -
W —— | N
] B g Baiyun A
v SN
N
\
S
z S z
S % I3
- . Wudang -2
8 b
Guanshanhu
r4 r4
2 L2
= =
& &
] &
— Legend
B .
2
|/ NanInlng - Study area
g Huaxi LT ku [ v vass || B
£ unyan District £
o 0051 2 3 4 Yy 2
% &
8 b
T T T T T
106°36'0"E 106°39'0"E 106°42'0"E 106°45'0"E 106°48'0"E

Fig. 1 | Map of study area.

of Yunyan District from 2020 (data sourced from the study by Li et al.*").
Combining this with the 2023 land cover classification map (dataset sourced
from Li et al.*'), a UGS classification and numbering system was developed
using the “layer-cake” overlay mapping method. The classification process
and results are illustrated in Fig. 3, with additional references to the Guiyang
Public Information Platform and field surveys.

The classification results identified 135 green space patches in the study
area. Specific area details for each patch are provided in Table 1.

Methodology

Figure 4 illustrates the methodological process employed in this study,
which is structured into three main components: spatial analysis, evaluation
model construction, and service evaluation.

Selecting indicators and building an evaluation system is a common
approach for assessing UGS*. Based on selection principles such as repre-
sentativeness, measurability, fairness, and authority, and in conjunction
with literature research®, we ultimately selected eight indicators suitable for
evaluating UGS in Karst cities. Given the dispersed planar layout and three-
dimensional spatial characteristics of UGS in Karst areas, this study adopts
three indicators from an ecological perspective to evaluate ecosystem
functions, including carbon sequestration and oxygen release (CSOR), WC,
air cleanness (AC), SC, and BC. Additionally, from a human-centered
perspective, three supplementary indicators are selected to assess the
landscape perception experience of UGS, such as green space accessibility
(GSA), green view index (GVI), and resident satisfaction (RS). The detailed
definitions of these indicators are provided in Table 2.
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Fig. 2 | UGS in Karst areas. a, b Represent ancillary green spaces under overpasses, ¢, d represent ancillary green spaces under footbridges, and e, f represent hill greenery.
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Fig. 3 | UGS in the study area.
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Table 1 | UGS plot area in the study area

Number Area (hm?) Number Area (hm?) Number Area (hm?)
uGsoo1 14.037 UGS046 11.338 UGS091 10.896
UGS002 14.569 UGS047 70.458 UGS092 8.779
UGS003 8.440 UGS048 15.536 UGS093 14.811
UGS004 22.040 UGS049 9.055 UGS094 18.038
UGS005 8.384 UGS050 19.659 UGS095 44.338
UGS006 9.514 UGS051 16.388 UGS096 19.415
UGSoo7 13.306 UGS052 10.326 UGS097 28.180
UGS008 8.056 UGS053 22.005 UGS098 13.802
UGS009 10.885 UGS054 26.313 UGS099 58.881
UGSO010 19.548 UGS055 28.233 UGS100 66.821
uGso11 40.871 UGS056 23.140 uGs101 27.236
UGso12 4.531 UGS057 7.622 UGS102 49.034
UGS013 3.575 UGS058 24.753 UGS103 36.460
UGS014 11.887 UGS059 22.122 UGS104 57.088
UGS015 19.218 UGS060 81.127 UGS105 47.418
UGS016 20.448 UGSo061 62.468 UGS106 22.600
UGSo017 18.618 UGS062 14.400 uGs107 68.097
UGS018 67.366 UGS063 24.369 UGS108 16.141
UGS019 23.902 UGS064 25.439 UGS109 81.326
UGS020 34.829 UGS065 40.358 UGS110 52.059
uGsoz21 19.471 UGS066 38.913 UGST111 26.469
UGS022 12.571 UGS067 15.963 UGSs112 14.546
UGS023 13.512 UGS068 16.397 UGS113 109.191
UGS024 56.526 UGS069 16.103 UGS114 13.179
UGS025 16.959 UGS070 22.731 UGS115 57.814
UGS026 6.958 UGSo071 4.466 UGS116 40.406
uGSsoz27 9.271 UGSo072 12.384 UGS117 34.632
UGS028 27.329 UGS073 5.347 UGS118 32.267
UGS029 26.316 UGS074 10.214 UGS119 14.856
UGS030 52.423 UGS075 14.260 UGS120 42.318
UGSs031 5.543 UGS076 15.803 uGs121 29.431
UGS032 10.243 UGS077 23.966 uGSs122 22.360
UGS033 17.318 UGS078 17.713 UGS123 13.099
UGS034 58.882 UGS079 2.994 UGS124 43.939
UGS035 14.920 UGS080 102.559 UGS125 43.356
UGS036 10.913 UGSs081 19.778 UGS126 60.860
UGS037 18.222 UGS082 42.875 uGSs127 77.837
UGS038 8.253 UGS083 14.281 UGS128 69.186
UGS039 1.995 UGS084 63.330 UGS129 17111
UGS040 27.529 UGS085 15.041 UGS130 73.806
uGso41 14.926 UGS086 24.227 UGS131 56.223
UGS042 55.729 UGS087 26.412 UGS132 20.982
UGS043 45.995 UGS088 24175 UGS133 35.331
UGS044 9.876 UGS089 220.401 UGS134 11.214
UGS045 24.970 UGS090 28.961 UGS135 33.582

The calculation method for the indicators is as follows: firstly, for every
1 ton of dry matter produced by plant growth, 1.63 tons of CO, are
absorbed/fixed, and 1.19 tons of O, are released. Based on this principle and
referencing relevant literature, the formula for calculating the quantitative
values of the CSOR indicator is as follows™:

Vo, = 04445, X B (1)

Vo, =1.19%8,xB )

where V', represents the value of CO, sequestrated/fixed by plants per unit
area,and V, represents the value of O, released by plants per unit area, unit:
t/hm’ S; represents the area of the ith UGS, unit: hm® and B represents the
annual net primary productivity (NPP) of plants per unit area, unit: t/(hm’-a).
The value of 0.4445 is converted according to the relative molecular mass ratio
of carbon to oxygen in carbon dioxide, and the carbon content is 27.27%.

Then, using the Carnegie-Ames-Stanford Approach (CASA), the
NPP of Yunyan District, Guiyang City, in 2023 was estimated*"’, yielding
an average NPP of 1065.418 g C/(m*a). The process and results are shown
in Fig. 5. Therefore, in formulas (2) and (3), the value of B is set to
1065.42 g C/(m*-a), and the values of CSOR are calculated accordingly.

Secondly, using the water balance equation, the WC values of UGS can
be estimated. The calculation formula is as follows™:

Vy = (P—ET—R)) X§; (3)

where Vyy is the total amount of water source contained in the UGS, unit:
m?>; Pis the average annual rainfall, R; is the surface runoff, ET is the average
annual evapotranspiration, all units: mm; S; is the area of UGS, unit: m? and
iis the ith UGS in the study area.

The formula for surface runoff is calculated as follows:

R, =Pxr, (4)

where r; is the surface runoff coefficient, refer to the technical guide for
evaluating the suitability of resources and environment carrying capacity
and land and space development issued by China in 2020, as seen in Table 3.

Based on meteorological data, the annual average evapotranspiration
in the built-up area of Yunyan District in 2023 was 447.667 mm. Combining
this with data from the 2021-2023 Guiyang Statistical Yearbook’, the
annual average rainfall in Yunyan District was 1262.867 mm. According to
the surface runoff coefficient, the WC capacity of each UGS was determined.

Thirdly, according to relevant literature, when the emission of pollu-
tants exceeds the self-purification capacity of UGS, the amount of air pur-
ification service depends on the self-purification capacity of the green
spaces. In the absence of significant air pollution, the pollutant emission
levels are used as the basis. Based on this theory, the calculation formula for
the functional value of AC is as follows":

135

3
V=S MinfA, > 8% Q8] )
j:l

i=1

where V; represents the purification amount of the ith green space
absorbing the jth type of pollutant, unit: kg/hm?; A, is the emission of the jth
type of air pollutant, unit: kg/hm’ S, represents the area of the ith UGS,
unit: hm? QS;; represents the purification amount of the ith UGS per unit
area for the j th type of air pollutant, unit: kg/hm? j is the type of air
pollutant, j =1, 2, 3; i is the UGS, i =1, 2,... 135.

Next, according to the 2023 Guiyang Statistical Yearbook and the
Ecological Environment Status Bulletin, the amount of pollutants absorbed
per unit area of vegetation is presented in Table 4. Based on this, the air
purification capacity of UGS is calculated.

Fourthly, using the soil erosion force model, the SC value of UGS can be
estimated”. The calculation principle is based on the following formula:

SD = RKLS(1 — CP) (6)

In the formula, SD represents the amount of SC, unit: ¢/ (hm? - a); R
denotes the rainfall erosivity factor, unit: MJ - mm/(hm? - h - a); K indi-
cates the soil erodibility factor, unit: ¢ - km? - h / (hm? - MJ - mm); L, S are
dimensionless slope length and slope steepness factors; C represents the
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Fig. 4 | Research framework.
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Table 2 | Meaning, dimensions, and scales of evaluation indicators

Evaluationindicators Meaning Dimensions Scale
CSOR Plants have the ability to sequester carbon and release oxygen. One-dimensional Urban area
WC UGSs have the ability to retain water.
AC UGS ecosystems have the ability to purify, filter, and decompose pollutants in the atmosphere,
which mostly include sulfur dioxide absorption (SDA), nitrogen oxides absorption (NOA), and dust
retention (DR).
SC The ability of UGS to prevent soil erosion and intercept sediment.
BC UGS provide habitats and breeding grounds for flora and fauna, promoting urban biodiversity.
GSA The relative or absolute ease of overcoming spatial resistance to reach a green space from any point ~ Two-dimensional Urban area/
in space, and a measure of the level of service of a UGS layout. communities
GVvI Theratio of green landscape within the human field of vision can reflect the effect of green landscape  Three-dimensional Human
at the three-dimensional spatial level and measure the intuitive feeling of people on urban greening”'.
RS Residents’ subjective evaluation of the green space’s quality provides a real representation of the

population’s contentment with its overall state.

vegetation management factor; P refers to the engineering measures factor,
which takes a value of 1 for urban land”.

The calculation method for the parameter R, K, L, Sand Cis as follows:

A. This study directly calculates the R value based on the collected monthly

culation formula is as follows:

average precipitation data from 2023. According to Zhou et al.”, the

formula for calculating annual rainfall erosivity is as follows:

S

s' 0.3
K =10.13170.2 + 0.3 —0.0256S,;| 1 — — X !
{ * e"p[ ”’( wom [msj

B. Using the Erosion Productivity Impact Calculator model, combined
with the modified soil erodibility factor calculation formula based on
China’s soil characteristics, K the value can be calculated”. The cal-

B {1 B 0.25TOC } N [1 B 0.7SN, ]
R= Z —1.15527 + 1.792P, ?) TOC + exp(3.72 — 2.95TOC) SN, + exp(—5.51 + 22.95N,)
i=1 ®)
In the formula, P; represents the average precipitation for the i-th
month, unit: mm. Based on the collected monthly average S
precipitation data from 2023, the calculated numerical result is SN=1- % )
1538.681 MJ - mm/(hm? - h - a). 1
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Fig. 5 | Estimation of NPP. a—f Represent, respectively, the vegetation index NDVT of Yunyan District, vegetation types at a 10-m resolution, monthly average temperature,

precipitation, solar radiation, and NPP calculation results, all for the year 2023.

Table 3 | Coefficient of surface runoff

Vegetation cover type Coefficient of surface runoff (%)

Forest 2.67
Shrubs 4.26
Grassland 9.37
Mixed forest-grassland 6.02

In the formula, K is the soil erodibility factor is, unit:
(t - hm? - h)/(hm?* - MJ - mm). S;,S;,C;, and TOC represent the
percentage content (%) of sand (0.05-2 mm), silt (0.002-0.05 mm),
clay (<0.002 mm), and organic carbon according to the U.S. soil
particle size classification standard, respectively.

C. Research has shown that using the slope length formula by Fu etal.”* to
calculate the slope length factor results in higher accuracy for the slope
factor in Southwest China™. Therefore, in this study, the slope length
factor was calculated based on slope data obtained from the Remote
Sensing Ecology official website (seen in Fig. 6) and the relevant for-
mula, as detailed below:

(an)
L=[—'
22.13

In the formula, L is the slope length factor; [ is the slope length; and m
is the slope length exponent, a dimensionless constant.

(10)

D. In addition, based on their research, Liu et al.”* proposed a modified
formula for calculating the slope factor, as detailed below:
10.8 sin 6 + 0.03 0<5°
_ 16.8 sin 8 — 0.50 5°%<6 < 10° (1)
20.204 sin 6 — 1.2404 10°< 6 < 25°
29.585 sin 6 — 5.6079 0>25°

In the formula, S is the slope factor, 0 represents the slope value.
According to the relevant literature™, the slope length exponent and
slope values applicable to the southwestern region are shown in

Table 5.
E. The formula for calculating the vegetation management factor is as
follows™:
1 F=0
C =] 0.6508 — 0.3436 xlog,,F 0<F < 78.3% (12)
0 F>78.3%
NDVI — NDVI_;
F o (13)

~ NDVI,, — NDVI,,,,

In the formula, F represents vegetation cover; NDVI represents the
normalized vegetation index. Given that the values of NDVI _, and
NDVI ;. are 0.321 and 0.226, respectively, the numerical results for F and C
can be calculated according to the formula.

Fifthly, according to the study by Liu et al.**, the formula for calculating
biodiversity is as follows:

Syip = NPP X NDVI x SHDI X H,,, (14)

In the formula, Sy;, represents the value of the BC index; SHDI is the
Shannon diversity index of green patches; H,,,, is the habitat proportion
index, which indicates the proportion of natural habitats (such as forests and
grasslands) within green patches. In UGS, the H,,,, index can be considered
as 1. The Shannon diversity index of green patches can be calculated using
the moving window method in Fragstats 4.2 software, as shown in Fig. 7.
Substituting it into the formula provides the index value.

Sixthly, the population-weighted green space exposure model analyzes
the spatial interaction between green space distribution and population
distribution from a supply-demand perspective. It assigns higher weights to
green spaces located in areas with larger residential populations to assess the
inequity of residents’ access to green spaces'’, embodying a people-centered
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Table 4 | Pollutant uptake per unit area of vegetation cover type

Vegetation cover type Ecosystem services

SDA/(kg-hm*a™)

Nitrogen oxide absorption (NOA)/ (kg-hm?*a")

DR/(kg-hm?a~')

Forest 110.00

4.70

18130.00

Grassland 279.03

6.00

1.20

Value

High : 56.059

Low: 0

Fig. 6 | The slope distribution of Yunyan District.

Table 5 | Slope value and corresponding slope length index

The value of m The scope of 6
0.2 (=2, 17]

0.3 (1°,39

0.4 (3°,5°]

0.5 (5°, +00)

approach. The formula for calculating the GSA indicator in related studies is
as follows, and the calculation process of GSA is illustrated in Fig. 8.

N
S P X G
N
> imi P

where P; represents the population of the i th grid, G? represents the green
space coverage of the ith grid for different buffer sizes, and N represents the
total number of grids in a given range.

Seventhly, using ArcGIS, random sampling points were generated
along streets within the study area. At each point, street view images were
captured in six horizontal directions and three vertical angles. Python was
employed to analyze the hue of these images in HSV mode to calculate the
GVI”". The formula and its underlying principles are as follows:

GE’ = (15)

6 3
. A
Zz_l j=17"g-ij x 100%

V=g w5,
> i =1

(16)

where GVI represents the green visibility value of the sampling point, 4, ;
represents the number of green pixels in a single image, A, ; represents the
total number of pixels in a single image, i represents the capturing direction
of the sampling point, and j represents the capturing viewing angle of the
sampling point.

The schematic diagram of the method and some green identification
images are shown in Figs. 9 and 10, respectively.

Finally, a questionnaire was designed to assess residents’ overall
satisfaction with green spaces, using a 5-point Likert scale’, where 1 indi-
cates “very dissatisfied” and 5 indicates “very satisfied.”, as seen in the
supplementary file. The questionnaire consisted of three sections: basic
demographic information, convenience of green space use, and overall
perception of cultural ambiance. According to the seventh census officially
published by Guiyang City, survey samples were selected using the quota
sampling method to ensure that the demographic characteristics matched
the overall distribution of residents in the study area. Specifically, 66.67% of
the residents were between the ages of 18 and 55, while residents aged 0-18
and those aged 55 and above each accounted for 16.67%. In total, 523 valid
questionnaires were obtained.

The detailed calculation results of the above indicators can be found in
the “Results” section.

Based on data-driven calculations, an evaluation model is constructed
using the combined weighting TOPSIS method to comprehensively assess
the ecological landscape service levels of UGS. This method integrates the
advantages of both subjective and objective weighting approaches and
evaluates UGS quality through a relative closeness index—the closer
the value is to 1, the higher the quality. The calculation process
consists of two main steps: determining the weights and constructing
the evaluation model.

Weight determination
The weights of each factor are calculated using the AHP and the EWM,
denoted as («;, a,, - - -, ag) and (B}, B, - - - , ), respectively.

AHP is a method of expert scoring to determine subjective
weights, and the steps are as follows: first, construct a hierarchical
structure model, as seen in Fig. 11 and Supplementary Table 1.
Secondly, use formula 17 to construct a judgment matrix, and then
sort each layer (Supplementary Table 2) and test for consistency
using formulas 18-19. Finally, the weights are determined by using
formula 20 for total sorting and checking for consistency. In this
study, we invited 10 experts to compare the importance of the two
indicators and assign them a score (Supplementary Tables 3-5), and
the identities and specific details of the 10 experts are presented in
the supplementary file.

m
2 Gy Dom

A= (17)
Am1 A2 Anm

Where, a;; is the comparison result of the relative importance of the i
evaluation object and the j evaluation object, and there are m evaluation
objects in total.

CI
CR=— 18
Rl (18)
CI:M (19)
n—1

In the formula, CR stands for the consistency ratio, CI is the

consistency index, A,  is the maximum eigenvalue of the
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Fig. 9 | Collection of street view images.
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Fig. 10 | Identification of GVI.

Fig. 11 | Hierarchical model.

I Assessment of Ecological and Landscape Services in Karst UGS AJ

\.

{Indicator layer C! cso)zc,,| [wee,| [ acc,] [ scc,] | Bcc, |cs,; c, | |cv}c22| [ Rrsc, |

comparison matrix, and # is the order of the matrix. When the CR is
less than 0.1, consistency is satisfied.

_CI Y aCl; aCI +aCI,+..+a,Cl,

CR=— = -
RI ™ Y. aRI,  aRI, +a,RL, + ... +a Rl

(20)

The EWM determines the objective weights as follows: first, nor-
malize the data using formula 21, and then use formula 22 to calculate the
ratio of each indicator under the scheme. Then use formulas 23-24 to
calculate the information entropy of each indicator and determine the
objective weight of each indicator. Finally, the composite score is calcu-
lated using formula 25.

Suppose there are m indicators: X,,X,,..,X , where
X; = {x;,%,, ..., X,}. Each indicator is subjected to positive normalization
using the following calculation formula to obtain Y, Y,, ..., Y,

m*

v X — min(X;) 1)
i max(X;) — min(X),)
Py = 22)
= 2
’ Zj:l Yz]
g =—In(m™" > _pyinp; (23)
i=1

In the formula, if p;; = 0, define ¢; = 0. The information entropy for
each indicator is calculated as e, e,, ..., €0

l—ej

VoS- “

In the formula, 3; represents the objective weight, and e; represents the
information entropy.

m

=Y By (25)

=1

In the formula, S represents the comprehensive score of the quality
evaluation, and f3; represents the weight corresponding to the j-th indicator.

A target function is then established with the objective of minimizing
the deviation of the combined indicator weights. By solving for the optimal
linear combination coefficients, the comprehensive weights, denoted as
(wy, w,, - -+, wg), are obtained. The calculated formula is as follows:

o NP
DY SRV A

Evaluation model construction
The TOPSIS method is used to evaluate the quality of schemes by calculating
the weighted Euclidean distances between each scheme and the positive and
negative ideal solutions, thereby defining a similarity index. The evaluation
process includes the following steps:

Standardizing the raw data to construct a standardized matrix Y.

o (Xq - ijin) (27)
y (ijax - ijin)
/ (X]max - X]mm)

Selecting indicator weights w to create a weighted normalized matrix.

Z=YXw (29)
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Table 6 | UGS quality grade score evaluation standard

Composite score Ecosystem service levels™

Landscape perception service level UGS quality level

[0.8,1.0] Excellent Very satisfied High quality

[0.6,0.8) Good More satisfied Medium to high quality
[0.4,0.6) Medium Generally satisfied Medium quality
[0.2,0.4) Average Less satisfied Medium to low quality
0,0.2) Worst Very dissatisfied Low quality

Determining the positive ideal solution Z* and the negative ideal
solution Z~.

7 ={minZlj=1,2,---,n) =2, Z;,-.Z,} (31

Calculating the distances between the evaluation objects and the ideal
solutions.

Df = i(zﬁ —Z) (32)
j=1

Dy =) (Z;=%) (33)
j=1

Computing the relative closeness index C; of each evaluation object to
the positive ideal solution.

o 34
"7 Df +D; (34)

C; represents the comprehensive service level of UGS, with values
ranging from 0 to 1. Higher C; values indicate higher quality grades and
better overall service.

The scores and corresponding quality grades are listed in Table 6.
Details on weight determination and evaluation results can be found in
“Results” and the analysis section.

Results
Spatial differentiation characteristics of UGS services
Figure 12 provides a description of the indicator calculation results. The
findings indicate that: (1) UGS089 exhibits the best capacity of CSOR,
achieving the highest CSOR values, while UGS039 performs the worst. (2)
UGS089 again ranks the highest in capacity of WC, while UGS039 is the
lowest. (3) UGS128 performs best in SDA, while UGS039 is the weakest;
UGS089 ranks highest in nitrogen oxide absorption (NOA), while UGS039
is the lowest. UGS089 is the most effective in DR, whereas UGS046 performs
the worst. (4) The strongest capacity of SC is found in UGS127, while the
weakest is in UGS057; (5) UGS133 has the best capacity of BC, whereas
UGS009 has the weakest capacity; (6) UGS089 has the highest value of GSA,
while UGS013 has the lowest. (7) UGS115 achieves the highest overall GVI,
while UGS090 scores the lowest. (8) RS with the green spaces in Yunyan
District ranges from “slightly dissatisfied” to “very satisfied”. Approximately
86.67% of residents report being “moderately satisfied” or “fairly satisfied.”
At the same time, we compared the differences in the average values of
ecosystem services between two specific types of green spaces in the Karst
areas: sub-bridge green space and mountain park, as seen in Fig. 13. The sub-
bridge green space include UGS020, UGS062, UGS084, and UGS097, while
the mountain park include UGS082, UGS102, UGS104, and UGS127. The
results show that (1) the abilities related to CS, SDA, NOA, DR, and SC are
superior in mountain park compared to sub-bridge green space; (2) whereas

the abilities related to OR, BC, GSA, GVI, and RS are superior in sub-bridge
green space compared to mountain park. The results indicate that the
mountainous park excels in providing ecosystem services, while the sub-
bridge green space stands out in delivering landscape perception services.

Kernel density analysis is a method used to calculate the density dis-
tribution of point features. The closer a location is to the center point, the
higher the density value obtained; conversely, the further it is, the lower the
density value”. Using kernel density analysis, Fig. 14 illustrates the spatial
distribution characteristics of UGS services in Yunyan District. Darker
colors on the map indicate higher indicator values, representing better
service levels. The spatial distribution results reveal that in Guiyang’s
Yunyan District: (1) Ecosystem services such as CSOR, WC, AC, SCand BC
generally show higher levels in the eastern part of the district and lower levels
in the west. (2) GSA, GVI, and RS exhibit nonlinear distribution patterns.
Specifically, GSA is relatively high in the central areas of the district but
lower at the edges. GVI and RS demonstrate similar distribution trends,
displaying a certain degree of regularity across the district.

The ecological benefit indicators assess the ecological functional value
of UGS from a single dimension, with their values directly reflecting the
quality of ecosystem services. The results show that UGS089 performs
optimally in functions such as CSOR, WC, and NOA with DR, providing
the highest level of ecosystem services, while UGS039 performs the worst,
with the weakest service capabilities. Similarly, UGS127, UGS128, and
UGS133 show optimal ecological functions in SDA, SC, and BC, respec-
tively. Furthermore, the quantification results for SC indicate that the overall
values across the study area are relatively low, suggesting a weak soil
retention capacity of the UGS.

The humanistic benefit indicators evaluate the landscape service level
of UGS from two-dimensional and three-dimensional perspectives. GSA
highlights the distribution of densely populated areas—higher values indi-
cate greater population density, better economic conditions, and higher
equity in accessing green spaces. Both GVI and RS reflect the landscape
perception services of UGS from a three-dimensional perspective.
According to Japanese researchers, a GVI range of 0.15 to 0.25 is most
beneficial for mental and physical health; when the GVI exceeds 0.25, the
comfort level of residents reaches its peak™. The study results show that the
UGS of 31 fall within the optimal health range, with an additional 5 pro-
viding maximum comfort for residents. The RS indicator results suggest that
RS with UGS is higher in the western and central parts of the study area.

Evaluation system for UGS services
Based on the AHP theory, we constructed an indicator evaluation system.
The primary indicators include ecological benefits (B1) and humanistic
benefits (B2), while the secondary indicators cover eight service evaluation
metrics (C11-C15 and C21-C23). Using the scores provided by ten experts,
corresponding weights were assigned to each indicator. The results, shown
in Table 7, were finalized as a weight set ar. Subsequently, based on the EWM
theory, the values of the eight evaluation metrics were normalized to achieve
dimensionless data. The entropy method was then employed to further
determine the weights, as presented in Table 8, and the final weights were
recorded as set 8. Finally, combined weights were calculated using Formula
(17) and are denoted as w, with the results illustrated in Fig. 15.

The combined weight results indicate that SC has the highest weight
proportion (20.89%), followed by GSA (16.45%) and RS (8.05%), while GVI
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Fig. 12 | Numerical results of indicator calculation.
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has the lowest proportion (2.42%). This suggests that the relative importance
of the six evaluation indicators in influencing the quality of UGS in Karst
areas can be ranked as: SC > GSA > RS > CSOR > AC>WC>BC > GVL
The weighting reveals the key factors affecting green space quality. SCis
the most important indicator for assessing the geological conditions of Karst
areas. Studies show that while the overall terrain is relatively flat, green
patches in steeper terrains have better soil retention capabilities. This aligns
with the characteristic of thin topsoil in karst cities, highlighting the vul-
nerability and sensitivity of the Karst UGS ecosystem. Beyond two-
dimensional layout information, GSA also reflects the landscape perception
services of Karst UGS from social and economic dimensions. Kernel density
analysis results indicate that the eastern region has better population and
economic conditions compared to the western region, with higher green

space equity. Moreover, RS and GVI reflect the landscape perception ser-
vices of UGS from a three-dimensional perspective. However, the lower
weight and correlation of GVI suggest that its importance in the con-
struction of Karst UGS is relatively low*".

Using the TOPSIS evaluation method based on combined weighting,
an evaluation system was established to calculate the relative closeness and
assess the quality levels of UGS.

Results of the assessment of UGS ecological and landscape
services

The relative closeness is the final calculation result in the integrated weighting
TOPSIS evaluation system. A higher value indicates better UGS quality and
higher overall service levels. The calculation results show that the majority of
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800 4 o UGS falls within the range of [0, 0.2), with a total of 68, indicating that most
] =§4"fu:;‘,if;f,fe" e UGS in Karst cities are of relatively low quality. The remaining UGS are
700 categorized as follows: 53 with medium-low quality, 11 with medium quality,
: 2 with medium-high quality, and 1 with high quality. Figure 16 provides a
600 ~ detailed depiction of the quality grade distribution of UGS in Yunyan District.
1 Overall, the quality of UGS in Karst areas is predominantly con-
500 4 centrated in the medium-low category (including both low and medium-

low quality levels), accounting for a significant 89.63%. In contrast, UGS

4007 with medium-high quality (including both medium-high and high-quality
300 levels) represent only 2.22%. These findings indicate that the overall eco-
l logical and landscape service levels of UGS in Karst areas are relatively low.
200 B The capacity of ecosystem services is limited, and there is considerable room
] for improvement in landscape perception and experiential services, high-
100 4 lighting significant potential for enhancement.
0 Correlation among evaluation indicators

Figure 17 illustrates the correlations among eight indicators. The results reveal
Fig. 13 | Comparison of the averages of eight services between sub-bridge green the following; (1) strong correlations are observed among CSOR, WC, AC, SC,
spaces and mountain parks. and BC, with significance at p <0.01. (2) Except for SC, GSA has a highly
significant correlation with CSOR, WC, AC, and BC indicators, with p < 0.01,
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Table 7 | Determination of AHP weights
A B (o] a rank
Evaluation of UGS comprehensive services in Karst areas Weight Weight Final weight
Ecological benefit B4 0.3708 CSOR C+4 0.1516 0.0562 3
WC Cq2 0.0197 0.0073 8
AC Cy3 0.0566 0.0210 7
SCCyq 0.0713 0.0264 6
BC Cys 0.0966 0.0358 5
Humanistic benefit B, 0.6292 GSA Cyq 0.2760 0.1736 1
GVI Cop 0.0652 0.0410 4
RS Co3 0.2547 0.1602 2
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Table 8 | Determination of EWM weights

Indicators

e

d

Weight

Final
weight

Rank

CSOR

CS 0.9389

0.0611

0.0719

OR 0.9388

0.0611

0.0719

0.0719

WC

0.9388

0.0612

0.0720

0.0720

AC

SDA 0.9546

0.0454

0.0534

NOA 0.9362

0.0638

0.0750

DR 0.9348

0.0652

0.0767

0.0684

SC

0.6674

0.3326

0.3914

0.3914

BC

0.9796

0.0204

0.0240

0.0240

GSA

0.8679

0.1321

0.1554

0.1554

GVI

0.9937

0.0063

0.0074

0.0074

RS

0.9993

0.0007

0.0008

0.0008

| N[N |

0.8

0.7

0.6

0.5

0.4

0.3

Comprehensive weight

0.2 4

and a significant correlation with SC, with p <0.05. (3) GVI has a significant
correlation with CSOR, WC, and SDA, and NOA within AC, with p <0.05,
but is not correlated with other indicators. (4) RS is not correlated with any of
the indicators, and it is particularly uncorrelated with SC. These results indi-
cate varying degrees of interdependence among the indicators. Among them,
GSA, as a socio-economic evaluation metric, is correlated with both regional
ecological conditions and residents’ perceptions”. The GVI objectively mea-
sures the three-dimensional greening degree of green spaces in Karst cities,
providing a basis for maintaining residents’ physical and mental health”, and
the results of the RS index are more subjective, and compared to the other six
indicators, both have weaker correlations with the various indicators.

Discussion

In the mountainous Karst areas, urban construction is generally more costly,
time-consuming, and labor-intensive compared to other areas. Developing
cities is significantly more challenging than creating green spaces, leading to
a distinctive pattern of coexistence between UGS and mountains. Conse-
quently, the spatial arrangement of green spaces in cities located in Karst
areas is characterized by fragmentation, small sizes, and poor
connectivity”**. To comprehensively and specifically assess the ecological
and landscape services of UGS in Karst cities, we developed an evaluation
model based on an indicator evaluation system, employing methods such as
remote sensing image interpretation, GIS spatial analysis, model estimation,
and surveys. This aims to uncover the unique aspects of UGS in Karst areas
from multiple dimensions. However, the model estimation method, which
quantifies indicators, has limitations due to the lack of specific empirical
data. Given the limited real-time monitoring data in the study area, this
method is currently the most suitable for quantification, although
strengthening data monitoring to provide robust support is necessary in the
future. In terms of indicator selection, SC and GSA are concentrated
representations of the topographic conditions of Karst UGS, and thus are
assigned significant weight. Additionally, comparing distinctive types of
green spaces—such as sub-bridge green space and mountain park—further
highlights the unique ecological and landscape services of Karst UGS. The
assessment results indicate that low-quality UGS accounts for 89.63% in
Karst areas, with low ecological and landscape service levels, highlighting a

CSOR  WC sC  BC GSA GVI RS need to optimize green spaces to enhance overall service levels.
Indicators Further analysis shows that the ecosystem service level of Karst UGS
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landscape perception services. To effectively enhance the quality of UGS in
Karst areas, this study proposes recommendations and strategies in three
areas: spatial layout, planning, and social benefits. Firstly, in terms of spatial
layout: (i) increase green infrastructure to expand green space patches,
improving overall environmental benefits. Develop idle lands moderately,
explore the potential of informal green spaces”, and utilize modern engi-
neering technologies such as rooftop gardens to maximize space; (ii) design
and promote urban green corridors to connect and integrate potential
ecological pathways”, creating a multifunctional ecological network to
enhance connectivity and reduce habitat fragmentation; and (iii) align UGS
with demographic characteristics by adding centralized green nodes,
matching population with green resources’’. Enhance diverse transportation
facilities, like greenways and paths, to reduce spatial accessibility hetero-
geneity, and improve access through convenient means to overcome com-
plex mountainous terrain. Secondly, in spatial planning: (i) incorporate
ecological concepts, such as rain gardens and sponge city designs, to alleviate
water shortages; (ii) create diverse plant landscapes using site-specific,
minimal intervention, and tree-shrub-grass combinations to establish
esthetic and eco-friendly UGS; and (iii) apply modern intelligent manage-
ment technologies to quickly and conveniently access big data for smart UGS
management and upgrading. Lastly, concerning social benefits: (i) enhance
public participation, focus on residents’ needs, and involve them in all
aspects of urban planning to improve service targeting and effectiveness; (ii)
increase monitoring stations and frequency, establish a comprehensive
monitoring management system, foster departmental collaboration, and
provide data resources for ecological research; and (iii) control urban
development intensity wisely, use advanced construction technologies and
eco-friendly materials, promote renewable energy and energy-saving tech-
nologies, and minimize disruptions to fragile ecosystems to achieve a har-
monious integration of green space services and cultural preservation.
This study uses Yunyan District in Guiyang City—a typical city in
China’s southern Karst areas—as a case study. By integrating residents’
landscape perception experiences, it evaluates the quality of Karst UGS to
gauge ecological and landscape service levels. Through a model estimation
method to quantify eight service indicators, it constructs an AHP-EWM
weighted TOPSIS evaluation model, systematically assessing the quality of
135 UGS and yielding the following conclusions: (1) significant differences
are evident in the distribution of ecosystem services and landscape

perception services of Karst UGS. Ecosystem services are higher in the east
than in the west, while landscape perception exhibits nonlinear distribution;
(2) SC has the greatest influence on Karst UGS quality, followed by GSA,
with GVI having the least effect; (3) low to medium-quality UGS account for
89.63% in Karst areas, with 68 low-quality and 53 medium-low-quality UGS,
indicating overall low comprehensive service levels. High-quality green
space UGS089 provides valuable reference for improving Karst UGS quality;
(4) indicator correlations reveal differences between ecological and human
benefits, showing strong positive correlations among ecological benefit
indicators, while GSA exhibits the strongest correlation with the other seven
indicators, demonstrating a certain complexity in the linkage between eco-
logical and human benefits. Overall, the ecological and landscape service
levels of UGS in Yunyan District, Guiyang City, are low. Based on these
assessment results, this study offers strategic suggestions for enhancing the
ecological and landscape service levels of Karst UGS through targeted stra-
tegies in spatial layout, planning, and social benefits. Future efforts should
focus on preserving the historical and cultural heritage attributes of the Karst
areas, further strengthening green space planning and management, estab-
lishing a robust data monitoring system, and promoting the coordination of
ecological protection and urban development, thereby providing valuable
insights and references for heritage site landscape management globally.

Data availability

No datasets were generated or analyzed during the current study.

Abbreviations
UGS Urban green space(s)

CSOR Carbon sequestration and oxygen release
WwC Water conservation

AC Air cleanness

SC Soil conservation

BC Biodiversity conservation
GSA Green space accessibility
GVI Green view index

RS Resident satisfaction

CS Carbon sequestration
OR Oxygen release

SDA Sulfur dioxide absorption
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