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Introduction: Scientific evaluation of the suitability of human settlement in arid

areas and a grasp of their spatial differentiation characteristics are of great

significance for the implementation of regional human settlement

environment (HSE) improvement according to local conditions.

Methods: In this study, we took Gansu Province (GS), a typical arid area in China,

as the research object. First, based on field research, we used the analytic

hierarchy process to determine the weights of 12 evaluation indicators and

build an HSE evaluation model from the two dimensions of nature and

humanities. Then, we conduct a comprehensive evaluation of each factor

based on the GIS spatial analysis module. Finally, we used the GIS natural

breakpoint method and zoning statistics to understand the suitability of the

HSE and its spatial distribution characteristics in GS Province.

Results: The study findings can be summarized as follows: (1) The spatial

distribution of the suitability of the natural environment in GS Province shows

that the east-central part of the province is significantly higher than the

northwestern, and there is a big difference between localities. (2) The

comprehensive suitability of human settlement in GS Province appears as a

spatial distribution characteristic, gradually decreasing from the central urban

area to the surrounding areas. The suitability index of the living environment is

between 0.26 and 0.71. (3) The area sizes of the five types of suitability are ranked

as the following: low suitable (138,502 km2) >moderately suitable (133,761 km2) >

critical suitable (97,244 km2) > high suitable (47,459 km2) > unsuitable

(38,980km2); in 14 cities, the average value of habitat suitability index is more

than 0.5 accounting for 42.9%.

Discussion:Our research not only fills a gap in the research of human settlement

in arid zones but also provides policy support for government departments to

improve human settlement.
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1 Introduction

The natural environment and social environment are included

as the human settlement environment (HSE), which is regarded as

the place for people to live, work, entertain, and commute. Good

HSE and climate conditions impact residential satisfaction in flatter

areas and sustainable development in rural and arid areas

(Ossendorf et al., 2019; Luo et al., 2021; Timmermann et al.,

2022). However, increasing urbanization and industrialization

cause the deterioration of the urban and rural HSE. Due to the

extreme climate change caused by human activities, the HSE in arid

areas has been the most affected in China. In this case, to what

extent has the suitability of the HSE in arid areas been affected? To

make a scientific assessment that is the premise of the regional land

space development, conducive to the improvement of resources and

environmental carrying capacity (Feng and Zhen, 2022).

Since the concept of HSE was put forward by Doxiadis in the

1950s, it has been the focus of the research fields of Human

settlement science (Hoffmann, 2022), geography (Liu and Li,

2022), ecology (Li G et al., 2021) and urban and rural planning

(Luo et al., 2021). Due to its outstanding spatial analysis and

computing capabilities, geographic information systems are

widely used by scholars in geographic spatial analysis and

research on the suitability distribution of human settlements

(Wang et al., 2017; Ustaoglu and Aydınoglu, 2020; Luo et al.,

2021; Valjarević et al., 2021; Liu and Li, 2022; Younes et al.,

2022). In addition, in order to accurately grasp the research

progress on the suitability of human settlements in arid areas, we

used VOSviewer literature analysis software to search for relevant

literature in the Web of Science. Current research hotspots on the

suitability evaluation of human settlements in arid areas focus on

the historical stages and evolution of human settlements, the risks of

human settlements, and the construction of suitability evaluation

indicators and systems (Figure 1).

The perspective of previous research has shifted from the

traditional natural environment to different preferences based on

material, economic, and public services, using the natural
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breakpoint method in GIS to analyze the spatial distribution

characteristics of HSE suitability in central urban areas (Wang

et al., 2017). There are also scholars who explore the spatial

reconstruction and internal evolution mechanism of the HSE

from the perspectives of rural livability, and population mobility

(Ma et al., 2022), and use the modified gravity model to evaluate the

spatial network of the HSE (Song et al., 2023). From the perspective

of grid units, GIS spatial calculation tools are used to analyze the

impact of human settlements on landscape fragmentation (Li D.

et al., 2021). Some scholars have also constructed an HSE quality

evaluation system in GIS from the four dimensions of safety,

society, economy, and health (Guo et al., 2023). By constructing a

two-stage model of spatiotemporal and factor analysis (Xue et al.,

2021), a simulation model for the development of flexible human

settlements was established. Use GIS spatial analysis tools to reveal

different spatial patterns of human settlements and their influencing

factors (Liu and Li, 2022). The research data is transformed from

survey data such as statistical yearbooks and questionnaire

interviews into geographical data such as satellite images and land

use (Wang et al., 2019); its evaluation index system covers physical

geography, social economy, and public services. The research scale

covers provinces (Yingying et al., 2022; Song et al., 2023), cities

(Chen et al., 2022), villages (Zhao et al., 2019), communities

(Aghamohammadi et al., 2021), and resettlement in arid areas

(Gong et al., 2021; Zhang W et al., 2022).

The vigorous development of the economy, society, and science

and technology has brought disruptive progress to the suitability

evaluation and spatial distribution research of HSE in arid areas.

Feng used the GIS spatial classification method to divide the

suitability of the HSE into five levels: unsuitable, borderline

suitable, generally suitable, relatively suitable, and highly suitable,

assigning values of 1, 2, 3, 4, and 5 respectively. Then a

comprehensive evaluation of various factors of the natural

environment and cultural environment is carried out, and finally,

the natural breakpoint method in GIS is used to grade the suitability

results of the HSE (Feng and Zhen, 2022). In addition, Ali Younes

also used the geographical information system combined with the
FIGURE 1

The hot spot of keywords about the research of HSE.
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fuzzy AHP (analytic hierarchy process) to select a total of 19

indicators of geology, infrastructure, environment, and human

factors. After obtaining the single factor weight through the AHP,

the unified resolution was imported into GIS for calculation. To

study the spatial distribution characteristics of different suitability

of human settlements in arid areas, and provide local governments

with the best locations for refugee camp settlements based on GIS

comprehensive evaluation results (Younes et al., 2022). These

methods provide a better paradigm for subsequent research.

The AHP can analyze the impact of different types of factors

more objectively than other methods, so it is widely used in research

on human settlements and land suitability (Ustaoglu and

Aydınoglu, 2020; Chen et al., 2022; Chowdhury et al., 2022;

Younes et al., 2022). Chen et al. first used the AHP to determine

the weights of natural ecological factors such as terrain relief and

vegetation types and human factors such as transportation and

GDP. Secondly, 3S technology is used to construct an adaptability

evaluation model of human settlements in mountainous areas based

on analysis such as projection transformation, remote sensing

interpretation, and information extraction, and points out that

areas with superior natural environments and developed

economies are the most suitable for human settlements (Chen

et al., 2022). Xue Luo et al. used GIS to select only five natural

environment elements, including surface relief (RDLS), land cover

index (LCI), annual average surface temperature (LST), and water

resource index (WRI), to analyze the suitability of the HSE in

mountainous areas. (Luo et al., 2021). In addition, some scholars

have constructed an HSE evaluation index system through the AHP

to calculate the index weights, and then combined geographical

detectors and GIS spatial overlay analysis (Song and Li, 2023) to

explore the suitability of the HSE and land use in urban

development (Ustaoglu and Aydınoglu, 2020).

However, although a small number of studies have paid

attention to the suitability evaluation of human settlements in

arid areas and its spatial distribution characteristics, with the help

of some big data such as satellite remote sensing and the AHP

(Ustaoglu and Aydınoglu, 2020; Younes et al., 2022; Guo et al.,

2023). However, the research data are mostly based on remote

sensing data and statistical yearbooks, and there is a lack of refined

and long-term field investigation and research on the study area.

Research methods mostly use a single questionnaire analysis and

AHP, selecting a small number of natural environment or

humanistic environment influencing factors, and lack of selecting

multiple influencing factors from both natural and humanistic

dimensions from an objective and subjective perspective (Wang

et al., 2021; Xue et al., 2021). Moreover, there is no scientific

selection of indicators after field surveys, and then the AHP is

used to construct an evaluation index system for the suitability of

human settlements in arid areas and determine the weight of each

indicator. More importantly, China’s arid areas have complex

terrain, backward transportation, and slow development. The

regional population faces many challenges such as environmental

degradation, resource shortages, and tense relationships between

man and land. In particular, the situation in typical arid areas

represented by GS Province is more severe, and the HSE issues in

these areas should receive more attention.
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Therefore, in order to effectively deal with the above problems, we

refer to existing research to effectively combine traditional statistical

data with big data such as physical geography, remote sensing images,

and land use. And comprehensively consider the influence of natural

and cultural environmental factors. In addition, the innovation of this

study compared with traditional research is that we conducted a field

survey based on the HSE in arid areas, and consulted five experts

based on the field survey and interview results to screen out the

influencing factors more scientifically and objectively. Then, the GIS

spatial analysis method and AHP were used to select 12 evaluation

indicators from the two dimensions of natural elements and

humanistic elements, and standardized processing was carried out

to eliminate the dimensional influence of different data and overcome

the inaccuracy of single-factor evaluation. Finally, by constructing a

method model suitable for the suitability evaluation of human

settlements in arid areas, the suitability of human settlements and

its spatial distribution characteristics in arid areas were analyzed and

countermeasures were proposed. Therefore, this study can not only

provide targeted policy reference for improving the HSE in arid areas

but also help to improve the quality of the HSE and its sustainable

development in similar areas.
2 Study area and data sources

2.1 Study area

GS Province is located in the arid area of northwest China, with

the Yellow River passing through it. The total land area of GS

Province reaches 455,900 km², with arid areas accounting for 75%

of the total area. The altitude is between 556 and 5825 m (Figure 2).

As of the end of 2022, GS Province has a permanent population of

24.9242 million, an urbanization rate of 54.19%, a regional GDP of

1.12016 billion yuan, and a per capita disposable income of 23273.1

yuan. GS Province has a complex topography and a fragile HSE. Its

climate types include four major climate types: subtropical

monsoon climate, temperate monsoon climate, temperate

continental (arid) climate, and plateau alpine climate (Fang et al.,

2020). The annual average temperature is 0–15 °C, and most areas

have a dry climate; water resources include a total of 9 water systems

including the Yellow River, with surface water resources of 28.62

billion m³, and per capita water resources of only 1150 m³, which is

far lower than the international standard (2000 m³/person). The

topography and climate types of GS Province have similar

characteristics to those of southern Kazakhstan, the western

United States, and Mongolia. However, extreme climate

conditions and heat waves continue to affect the HSE, human

livelihoods, and health and well-being in similar areas (Hoffmann,

2022; Zhang D et al., 2022). Therefore, the HSE in arid areas like GS

Province should pay more attention.
2.2 Data collection and preprocessing

The research data used in this study mainly include raster data

and vector data, see Table 1 for details.
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(1) Raster data. The land use data and digital elevation model

data (DEM) used in this study are from the Resources and

Environment Center of the Chinese Academy of Sciences

(https://www.resdc.cn). The normalized difference vegetation

index (NDVI) is derived from the United States Geological

Survey (https://glovis.usgs.gov/). Population density data

combines the results of global population data assessments

established by the University of Southampton with data from

China’s seventh census. PM2.5 and GDP data come from the

China National Earth System Science Data Center (http://

nnu.geodata.cn). Nighttime light data comes from the National

Ocean ic and Atmospher i c Admin i s t r a t ion (h t tps : / /

ngdc.noaa.gov/). All raster data are clipped, merged, and

converted according to the study area to form a basic database

with the same resolution (100 m × 100 m).
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(2) Vector data. The administrative boundary, spatial

distribution of geological disaster points, road network, water

system, and other vector data used in the research are all from

the Resource and Environmental Science and Data Center of the

Chinese Academy of Sciences (https://www.resdc.cn). The

meteorological data comes from the China Meteorological Science

Data Sharing Service Platform (http://data.cma.cn/). Due to the

discontinuous characteristics of the acquired meteorological data in

terms of spatial distribution, the research refers to the existing

research (Zhao et al., 2020), using the ArcGIS platform to conduct

spatial interpolation analysis on the meteorological data of 58

meteorological stations in the study area and obtain the

continuous meteorological data of the entire GS Province. POI

data such as shopping, medical care, education, parks, traditional

Chinese villages, and A-level tourist attractions are all derived from
TABLE 1 Research data sources.

Type of data Data name Data sources Resolution Year

Raster data

DEM,LUCC https://www.resdc.cn 30 m 2020

NDVI https://glovis.usgs.gov/ 250 m 2000–2020

population https://www.worldpop.org 100 m 2020

PM2.5,GDP http://nnu.geodata.cn 1 km 2020

night light https://ngdc.noaa.gov/ 0.004° 2020

Vector data

Administrative boundaries, geological hazard points,
road network, water resources

https://www.resdc.cn – 2020

weather station data http://data.cma.cn – 2000–2020

POI, traditional villages,
A-level tourist attractions

Baidu map – 2020
fro
B

A

FIGURE 2

Study area: (A) is the location of Gansu Province in China, and (B) is Gansu Province.
ntiersin.org

https://www.resdc.cn
https://glovis.usgs.gov/
http://nnu.geodata.cn
http://nnu.geodata.cn
https://ngdc.noaa.gov/
https://ngdc.noaa.gov/
https://www.resdc.cn
http://data.cma.cn/
https://www.resdc.cn
https://glovis.usgs.gov/
https://www.worldpop.org
http://nnu.geodata.cn
https://ngdc.noaa.gov/
https://www.resdc.cn
http://data.cma.cn
https://doi.org/10.3389/fevo.2023.1282749
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Geng et al. 10.3389/fevo.2023.1282749
the 2020 Baidu map. All vector data were subjected to projection

conversion, data correction, fusion cropping, and interpolation

processing in GIS10.8 software, and then cropped according to

the study area to form a basic database with the same resolution

(100 m × 100 m).
3 Research methods

3.1 Research technology route

The linear weighting method and the hierarchical synthesis

method are commonly used for the comprehensive evaluation of

HSE suitability (Aghamohammadi et al., 2021; Xue et al., 2021; Chen

et al., 2022; Song et al., 2023). However, the natural conditions in arid

areas have absolute restrictions on the HSE. The use of linear

weighting cannot well reflect the internal relationship of suitability

evaluation indicators (Hao et al., 2020), but the hierarchical synthesis

method can obtain more accurate results based on the actual

conditions of the study area. Therefore, this study conducted

hierarchical calculations and comprehensive evaluations of various

influencing factors on the suitability of the HSE and finally used the

GIS natural breakpoint method to classify the suitability of the HSE.

The technical route is shown in Figure 3. The first step is to collect and

process multi-source data and establish a basic database. After the

acquired administrative boundaries, meteorological stations, land use,

GDP, DEM, and other data are processed in ArcGIS for projection

conversion, interpolation processing, etc., a basic database containing

raster and vector data is established. The second step is to build the

HSE suitability evaluation index system and model. Six indicators

were selected to construct the natural environment index and the

cultural environment index respectively, and the 12 indicators were

processed through the range standardization method in ArcGIS to

eliminate the influence of dimensions between different data in the

calculation (Guo et al., 2023). Referring to existing literature (Younes

et al., 2022), AHP was used to determine the weight of the HSE

suitability evaluation index and construct an HSE evaluation model.

The third step is the suitability classification and comprehensive

assessment of the HSE. Through overlay operations and partition

statistics in GIS, and with reference to existing research (Luo et al.,

2021), the HSE suitability results are divided into five categories: high

suitability, medium suitability, low suitability, critical suitability, and

unsuitability. We also spatially matched the population density

distribution and the suitability of the HSE to verify the accuracy of

the evaluation results (Zhang D. et al., 2022), thereby improving the

scientific nature of the research.
3.2 Human settlement suitability evaluation
index and calculation method

3.2.1 Natural environment suitability
evaluation index
3.2.1.1 Relief degree of land surface

RDLS as a comprehensive representation of regional altitude

and surface cutting degree can express regional natural
Frontiers in Ecology and Evolution 05
environment conditions and is a basic model for systematic

analysis of human settlement suitability. The topographical

relief is calculated using the method proposed by Feng et al.

(2008):

RDLS =
ALT
1000

+ ½(H)max−(H)min�� 1−
P(A)
A

� �� �
=500 (1)

In the formula: RDLS represents the regional terrain relief; ALT

represents the average altitude within a certain area centered on a

certain grid unit; (H)max is the highest altitude in the study area;

(H)min is the minimum altitude in the study area Elevation; A is the

total area of a certain grid area; P(A) is the area with a slope less than

or equal to 5° within the area.

3.2.1.2 Climate index

CI reflects the comfort of the living environment to a certain

extent and is one of the important indicators for evaluating the

livability of a region. Temperature humidity index (THI) is the

comprehensive influence of meteorological factors such as

temperature and relative humidity on human thermal perception;

wind efficiency index (WEI) is the heat exchange between the

human body and the surrounding environment. It reflects the

comfort level of the local living environment. This study draws

on the existing research (Feng and Zhen, 2022), and uses the

temperature and humidity index and wind efficiency index as

indicators for evaluating the climate suitability of the HSE in the

study area. Calculated as follows:

THI = 1:8t − 0:55(1 − f ) � (1:8t − 26) (2)

WEI = −(10
ffiffiffi
v

p
 + 10:45 − v)(33 − t) + 8:55s (3)

CI = (NTHI + NWEI)=2 (4)

In the formula: THI is the temperature humidity index, WEI is

the wind effect index; CI is the climate index; t is the monthly

average temperature (°C); f is the relative humidity (%); v is the

average wind speed at a height of 10 m above the ground (m/s); s is

the sunshine hours (h/d); NTHI and NWEI are normalized

temperature and humidity index and normalized wind effect

index respectively.

3.2.1.3 Hydrology index

Hydrological conditions in arid areas are an important

guarantee for the quality of residents ’ lives and living

environment. Precipitation and water area are important

indicators of the effective reserve and abundance of regional water

resources, while water extraction distance reflects the difficulty of

obtaining water resources. Therefore, combined with the

characteristics of the Northwest arid region, with the help of

existing research (Wang et al., 2017; Feng and Zhen, 2022), the

hydrological index (HI) was constructed using the water area,

distance from the water source, and precipitation to characterize

the regional water resource conditions. It is calculated as follows:

HI = aNAP+bWA+g NWD (5)
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In the formula: HI is the hydrological index; NAP is the

normalized annual precipitation; WA is the normalized water

area; NWD is the normalized distance from the water; a, b, and
g are the weights of the annual precipitation and the distance from

the water, respectively. Referring to relevant research results (Loritz

et al., 2019), set a to 0.6, b to 0.2, g to 0.2.

3.2.1.4 Normalized difference vegetation index

A good vegetation environment can not only create a

comfortable climate environment but also relieve emotional

stress. Therefore, areas with more suitable human settlements

tend to have relatively higher vegetation coverage (Guo et al.,

2023). NDVI is an important remote sensing index that reflects

the growth state of vegetation. This index can identify healthy and

sparse vegetation areas through the difference in reflection of

vegetation at different wavelengths. It is calculated as follows:

NDVI =
NIR−R
NIR+R

(6)

In the formula: NIR represents the DN value of the near-infrared

band; R represents the DN value of the red band in the MODIS data.

3.2.1.5 Air quality index

PM2.5 is the most common air pollutant in Northwest China,

posing a serious threat to the living environment and regional
Frontiers in Ecology and Evolution 06
sustainable development (Feng and Zhen, 2022). Air pollutants

produced during the development of cities and human society often

change the ecological environment of the region, and severe

pollution can also cause harm to human survival. Therefore,

comprehensively considering the causal relationship between

human economic activities and air pollution, PM2.5 is included

as the main indicator of AQI in the HSE suitability evaluation

system. It is calculated as follows:

AQI = ½(PM2:5)max − PM2:5�=½(PM2:5)max − (PM2:5)min� (7)

In the formula: AQI is the normalized air quality index; (PM2.5)

max and (PM2.5)min are the maximum and minimum values of the

air quality index, respectively.
3.2.1.6 Disaster risk index

Disaster risk refers to the possibility of personal danger from

natural disasters. Due to the special topography and complex

geological environment of GS Province, as well as the high degree

and large number of geological disaster hazards, the degree of

disaster risk is included in the HSE suitability evaluation system

with reference to existing literature (Wang et al., 2017). Disaster risk

data mainly includes landslides, ground fissures, ground

subsidence, landslides, debris flows, slopes, etc. It is calculated as

follows:
FIGURE 3

Research technology route.
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DRI = jDZZH+wDLD (8)

In the formula: DRI is the disaster risk index, DZZH is the

nuclear density of geological hazards, DLD is the distance from the

fault zone, j, w , and are the weights of DZZH and DLD,

respectively. After consulting five geological experts in GS

Province and two professors of geography Opinions, set j and w
to be 0.55 and 0.45 respectively.
3.2.2 Cultural environment suitability
evaluation index
3.2.2.1 Traffic accessibility index

Regional transportation accessibility not only affects regional

economic and social development but also directly affects the

convenience of residents’ lives. Due to the undulating terrain,

high altitude, and crisscrossing mountains in GS Province, the

cost distance method can produce more accurate results than the

shortest path method. Concerning existing literature (Feng and

Zhen, 2022), and with each administrative center in the study area

as the source point, the expressway speed standard is set at

100 km/h; the national highway speed standard is 75 km/h; the

provincial road speed standard is 60 km/h; the county road speed

standard is 40 km/h; the ordinary railway speed standard is

80 km/h, and the high-speed railway speed standard is 200 km/h.

Using cost distance to calculate 1 h accessibility of regional road

network in ArcGIS. Calculated as follows:

COST =
1
v

(9)

TAI = ½(COST)max − COST�=½(COST)max − (COST)min� (10)

In the formula: TAI is the traffic accessibility index; V is the

driving speed, (COST)max and (COST)min are the maximum and

minimum values of time cost distance, respectively.

3.2.2.2 Economic vitality index

POI (Points of Interest) contains the spatial location and

attribute information of various facilities in the region. Its

distribution density and agglomeration trend are important

manifestations of regional economic vitality (Feng and Zhen,

2022). Because POI data can only reflect the spatial location and

cannot directly represent the intensity of social and economic

activities, the economic vitality index (EVI) is constructed by

combining the spatial distribution of GDP with the kernel density

of POI. The calculation formula is as follows:

EVI = ½Nf h(x) + NGDP�=2 (11)

f h(x) =
1
nh o

n
i=1K

x−xi
h

� �
(12)

In the formula: EVI is the economic vitality index; Nfh(x) is the

normalized kernel density estimate; NGDP is the normalized total

GDP; h is the bandwidth, set to 1km; k is the Gaussian kernel

function; xi is i sample points with independent and

identical distribution.
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3.2.2.3 Public service index

High-quality public services provide basic guarantees for

human production and life and directly affect residents’

subjective feelings about the regional cultural environment.

Therefore, the public service index (PSI), which consists of the

completeness of public service facilities and infrastructure, has

an important impact on the quality of the HSE. Refer to the

existing literature (Wang et al., 2017; Li D et al., 2021) to analyze

the kernel density of the POI data in the study area, count the

maximum values of various kernel densities in different regions,

and measure each HSE from the four aspects of shopping,

medical care, education, and parks degree of infrastructure

perfection. Calculated as follows:

POIi = on
i=1WiFi (13)

PSI = (POIi − POImin)=(POImax − POImin) (14)

In the formula: PSI represents the public service index; Wi

represents the weight of shopping, medical care, education, and

parks; Fi represents the accessibility index of shopping, medical

care, education, and parks in GS Province.

3.2.2.4 Night lighting index

The night light comes from the DMSP/OLS sensor of the

linear scanning service system carried by the US meteorological

satellite. The system uses visible light/near-infrared bands to

retrieve the night light index (NLI), and the gray value ranges

from 0 to 63. The NLI can better reflect the degree of regional

population agglomeration, economic vitality, and urbanization

development level. Therefore, referring to existing research (Luo

et al., 2021; Yang et al., 2022), the night light is included as an

important evaluation index of the humanistic elements of the

HSE. Calculated as follows:

NLI = (NLIi − NLImin)=(NLImax  − NLImin) (15)

In the formula: NLI is the night light index; (NLI)max and (NLI)

min are the maximum and minimum values of night

light, respectively.

3.2.2.5 Landscape scenery index

Good landscape style is an important component of a high-

quality HSE, which can directly or indirectly improve residents’

happiness and satisfaction in life (Sowifska-fwierkosz, 2016).

Therefore, the study selects A-level scenic spot data and uses

ArcGIS analysis tools to obtain its kernel density and normalize it

to build landscape scenery index (LSI). Calculated as follows:

LSI = (LSIi − LSImin)=(LSImax  − LSImin) (16)

In the formula: LSI is the landscape index; (LSI)max and (LSI)min

are the maximum and minimum values of the kernel density of

tourist attractions, respectively.

3.2.2.6 Cultural heritage index

The good cultural heritage of the region can not only cultivate

people’s aspirations, but also root their hometown feelings and
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improve residents’ sense of belonging and identity (Foster and

Saleh, 2021). GS Province also has an extremely rich number of

traditional villages, but their locations are relatively scattered and

the terrain seriously hinders spatial connectivity and accessibility,

making it impossible to conduct a SWOT analysis of a single

cultural heritage value. Therefore, the study selects the

normalized value of traditional village core density to construct

regional CHI, which can better comprehensively reflect the cultural

heritage of the HSE. Calculated as follows:

CHI = (CHIi − CHImin)=(CHImax  − CHImin) (17)

In the formula: CHI is the cultural heritage index; (CHI)max

and (CHI)min are the maximum and minimum values of kernel

densities of traditional villages and intangible cultural

heritage, respectively.
3.2.3 Construction of evaluation model for the
suitability of human settlement

When evaluating the suitability of human settlement, both

na tu r a l and human f a c t o r s shou ld b e con s i d e r ed

comprehensively. Therefore, the study calculates the natural

environment element index of human settlement, the cultural

environment element index, and the comprehensive index of HSE

suitability respectively (Luo et al., 2021). The calculation formula is

as follows:

NEIi = a�RDLSi+b�CIi+c�HIi+d�NDVIi+e�AQIi+f�DRIi

(18)

CEIi = g�TAIi+h�EVIi+i�PSIi+j�NLIi+k�LSIi+l�CHIi

(19)

HEIi = a�RDLSi+b�CIi+c�HIi+d�NDVIi+e�AQIi+f�
DRIi+g�TAIi+h�EVIi+i�PSIi+j�NLIi+k�LSIi+l�CHIi

(20)

In the formula: NEIi  is the natural index of the i-th grid; CEIi is

the cultural index of the i-th grid;HEIi is the comprehensive human

settlement index of the i-th grid. a is the weight of RDLS; b is the

weight of CI; c is the weight of HI; d is the weight of NDVI; e is the

weight of AQI; f is the weight of DRI. g is the weight of the TAI; h is

the weight of the EVI; i is the weight of the PSI; j is the weight of the

NLI; k is the weight of the LSI; l is the weight of the CHI.
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3.3 Determination of the weight of
evaluation indicators for the suitability of
human settlement

3.3.1 Index standardization based on GIS
The data sources, statistical methods, and data formats of

different indicators are different. Therefore, this study uses the

range standardization method to standardize each single factor

index to eliminate the dimensional influence of different data and

overcome the inaccuracy of single factor evaluation. Positive

indicators such as the CI, HI, NDVI, AQI, TAI, EVI, PSI, NLI,

LSI, and CHI can adopt the maximum effect standardization

formula (21), that is, the larger the value, the greater the

suitability, and vice versa. The minimum effect standardization

formula (22) can be used for reverse indicators such as RDLS and

DRI, that is, the larger the value, the smaller the suitability, and vice

versa.

Si = (xi − xmin)=(xmax  − xmin) (21)

Si = (xmax  − xi)=(xmax  − xmin) (22)

In the formula: Si is the normalized value of a certain index of

the i grid; xi is the original value of the i grid point; xmax is the

maximum value of all grids; xmin is the minimum value of all grids.

3.3.2 Determining the index weight based
on AHP

Firstly, according to the suggestions of 5 experts and scholars

from GS Province on the current situation and characteristics of the

HSE in the study area, the importance of the evaluation index of the

HSE in the arid area was ranked. Then, the AHP method was used

to determine the weight value of each evaluation index in the

evaluation of the suitability of the human settlement in the study

area, and a framework for the evaluation of the suitability of the

human settlement was constructed (Figure 4). Specific steps are

as follows:

3.3.2.1 Build a judgment matrix

The judgment matrix in the AHP is a key step in quantifying the

weight of indicators, which determines the applicability of the

weights of various indicators of the suitability of human

settlement. By referring to existing research literature (Luo et al.,

2021; Younes et al., 2022), and refer to scholars compare the
FIGURE 4

The suitability evaluation framework of human settlement ((A) is the target layer, (B) is the comprehensive layer, and (C) and (D) are the index layers).
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evaluation indicators in the target layer, criterion layer, and index

layer in pairs, to construct the judgment matrix.

3.3.2.2 Calculate the weight of a single factor

Because the natural elements and human elements in the HSE

are equally important, when calculating the maximum eigenvector

and maximum eigenvalue of the judgment matrix constructed

above, normalization is performed.

W 0
ij = aij=on

1aij (23)

Wi = W 0
ij=on

1Wi (24)

In the formula, Wi is the weight value of the evaluation factor,

W
0
ij  is the normalization of the eigenvector, and aij is the

eigenvector of the judgment matrix.

Firstly, the judgment matrix of the criterion layer is constructed

with the aid of the AHP software, and its relative weight value is

calculated (Table 2).

Secondly, construct the suitability judgment matrix of the

natural environment (Table 3) and cultural environment

(Table 4), and their relative weight values.

3.3.2.3 Single judgment matrix consistency test

To avoid the judgment matrix being largely subject to the

subjective limitations of human factors, it is necessary to conduct

a consistency check on the constructed judgment matrix. That is,

the maximum eigenvalue is brought into the following formula to

calculate the consistency index:

Consistency indexðCIÞ = lmax−n
n−1

(25)

In the formula, the Consistency index (CI) is the consistency

test index; n is the number of judgment matrix indexes; lmax is the

maximum eigenvalue. When CI = 0, the matrix has complete

consistency, and the closer to 0, the better the consistency, and

vice versa.

3.3.2.4 Integrity judgment matrix consistency test
Random Consistency Index (RI) =

lmax−n
n−1

(26)

Consistency Ratio (C:R:) =
Consistency index(CI)

Random Consistency Index (RI)
(27)

In the formula, the Random Consistency Index (RI) is the

consistency inspection index. According to the ci and RI calculated

above, use the formula (27) to calculate the CR value, When

CR < 0.1, the judgment matrix can meet the consistency

verification, and the quantified index weight will appear,

otherwise it should be modified until the condition is met. The
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final results show that the CR of the judgment matrix are: 0, 0.0652,

and 0.034, respectively, and their values are all less than 0.1,

indicating that the consistency of the matrix is good. Finally, the

weights of each index are shown in Table 5.
3.4 Comprehensive evaluation method for
the suitability of human settlement

In the process of comprehensive evaluation of the HSE in arid

areas, RDLS, CI, HI, NDVI, AQI, and DRI are selected for the natural

environment, and TAI, EVI, PSI, NLI, LSI, and CHI are selected for

the cultural environment to establish a comprehensive evaluation of

the suitability of the HSE. (Formula (1)–Formula (20)). The spatial

resolution of all indices is unified to 100 m × 100 m, and then the

index weights are obtained according to the AHP, and mathematical

operations and spatial superposition analysis are performed in GIS.

Finally, the comprehensive evaluation results of the suitability of HSE

in arid areas are obtained (the higher the suitability, the closer to 1,

and vice versa). In addition, in order to verify the credibility of the

HSE suitability evaluation model in arid areas, the HEI was first

spatially aligned with population density distribution and land area

data in the spatial analysis module in the ArcGIS toolbox. Then the

suitability index, population density, and land area of each pixel in the

corresponding raster are calculated. Finally, the obtained data was

imported into SPSS software to perform cross-Pearson correlation

analysis, and the suitability of the HSE in arid areas was fitted to a

certain extent with the help of the frequency cumulative

percentage curve.
4 Results and analysis

4.1 Evaluation of the suitability of natural
environment in GS Province

4.1.1 Comprehensive suitability of natural
environment

The natural environment index of GS Province is significantly

higher in the eastern and central parts than in the northwest, with

large local differences. The five types of suitability areas are MZ

(133,396 km²) > LZ (129,293 km²) > CZ (102,714 km²) > UZ

(47,733 km²) > HZ (42,718 km²) (Table 6). Among them, Qingyang

City has a relatively high natural environment index due to its

geographical location close to the Yellow River Basin, few natural

disasters, high vegetation coverage in most areas, and relatively

sufficient precipitation; Longnan City in the southeast has serious

soil erosion, landslides, and debris flows. The frequency of natural

disasters such as natural disasters is relatively high, so the overall

suitability of the natural environment for human settlements is low.

Jiuquan City in the northwest is adjacent to the Qilian Mountain

National Nature Reserve in the south and has undulating terrain, is

close to the desert in the north, and has scarce precipitation.

Therefore, the natural environment index is relatively low.

The study used the natural breakpoint method to divide the

natural environment index of human settlement in GS Province
TABLE 2 A-B judgment matrix.

HEI NEI CEI Weight

NEI 1.00 1.00 0.50

CEI 1.00 1.00 0.50
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into HZ (0.38–0.43), MZ (0.35–0.38), LZ (0.33–0.35), CZ (0.30–

0.33), UZ (0.19–0.30). The results of the study found that the NEI in

GS Province was between 0.19 and 0.43 (Figure 5A), the suitability

of the natural environment for human settlement was dominated by

MZ and LZ, and the area of high suitability for the natural

environment was the smallest, which was the same as the

previous research results (Wei et al., 2022). Among them, the

natural environment unsuitable zone is mainly distributed in the

nature reserves in the southwest and the disaster-prone areas in the

southeast. In Tianshui City in the middle, due to the restrictions on

historical relics and blocks, the traffic network in some areas is

blocked, and the geographical environment leads to backward

infrastructure., so the suitability of these areas is significantly

lower than that of the surrounding area (Figure 5B).

4.1.2 Single factor suitability of the
natural environment

The RDLS in the study area presents spatial distribution

characteristics of steepness in the south and gentleness in the

north, with an index between 0.59 and 6.33 (Figure 6A). Affected

by the Qilian Mountains and other mountains along the line, the

mountainous terrain in the southern part of the study area is the

most undulating, and the north is close to the Tengger Desert in

Inner Mongolia. The terrain is relatively flat, so RDLS exhibits

significant spatial distribution characteristics. The CI in the

southeast of the study area is significantly higher than that in the

northwest, with the index ranging from 0.01 to 0.85. The northeast

is close to Xinjiang and Inner Mongolia and has the characteristics

of high altitude, large temperature difference between day and night,

and low precipitation, so the CI is overall low; while the southeast is

located in the Yellow River Basin, with relatively low altitude,

relatively high vegetation coverage, and relatively abundant
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precipitation, so the CI is relatively high (Figure 6B). HI in the

study area shows a spatial distribution characteristic of being high

in the southeast and low in the northwest, with the index ranging

from 0 to 0.96 (Figure 6C). The southeast is close to the Yellow

River Basin, so the water source is relatively abundant, and the

relatively flat terrain is conducive to water collection for life and

industry in GS Province. The northwest has high altitude, arid

climate, and crisscross ravines, resulting in less precipitation and

difficulty in water collection. Therefore, the HI is generally low.

The NDVI of the study area shows a spatial distribution

characteristic that is significantly higher in the southern

mountainous area than in the northern desert area (Figure 6D).

Due to its proximity to the Yellow River Basin, relatively abundant

precipitation and water sources, and good vegetation growth

conditions, the vegetation coverage in the southern part is

significantly higher. In the northern desert area. The AQI in the

study area shows spatial aggregation characteristics of surface shape

in the north and point shape in the middle, with an index of 13.9–

53.9 (Figure 6E). Regional PM2.5 high-value areas are mainly

concentrated in the main urban areas of Jiuquan City and Lanzhou

City, which are dominated by secondary industries, with an average

value as high as 53.9 mg/m3; low-value areas are concentrated in the

southern Qilian Mountains and Gannan Prefecture, with an average

value of only 13.9 mg/m3. The DRI in the study area shows a

significantly different spatial distribution characteristic that

gradually decreases from south to north (Figure 6F). Due to the

comprehensive influence of precipitation, soil type, and geological

environment, Longnan City has the highest number of landslides and

debris flows, so the DRI is the highest in the south; Zhangye City,

Jinchang City, and the northern part of Jiuquan City in the study area

have low water and arid climate all year round. The historical number

and frequency of disasters are low, so the DRI is the lowest.
TABLE 4 B2-D judgment matrix.

CEI TAI EDI PSI NLI LSI CHI Weight

TAI 1.00 0.50 3.00 5.00 7.00 8.00 0.30

EDI 2.00 1.00 4.00 5.00 7.00 9.00 0.41

PSI 0.33 0.25 1.00 2.00 4.00 5.00 0.13

NLI 0.20 0.20 0.50 1.00 3.00 4.00 0.09

LSI 0.14 0.14 0.25 0.33 1.00 2.00 0.04

CHI 0.13 0.11 0.20 0.25 0.50 1.00 0.03
TABLE 3 B1-C judgment matrix.

NEI RDLS CI HI NDVI AQI DRI Weight

RDLS 1.00 5.00 3.00 4.00 7.00 0.50 0.30

CI 0.20 1.00 0.33 0.50 2.00 0.20 0.06

HI 0.33 3.00 1.00 2.00 4.00 0.33 0.14

NDVI 0.25 2.00 0.50 1.00 0.50 0.25 0.07

AQI 0.14 0.50 0.25 2.00 1.00 0.14 0.06

DRI 2.00 5.00 3.00 4.00 7.00 1.00 0.37
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4.2 Evaluation of cultural environment
suitability in GS Province

4.2.1 Comprehensive suitability of the
cultural environment

The quality of human settlements and cultural environment in

GS Province shows the characteristics of a circle gradually

decreasing from the central city as the core to the surrounding

areas. The comprehensive index of cultural environment is between

0.00–0.5. The quality of the cultural environment in the main urban

area of Lanzhou City is the highest and the southern mountainous

area of Jiuquan City is the lowest (Figure 7A). As the administrative

center of GS Province, Lanzhou City has complete urban functions,

a relatively concentrated population, complete supporting facilities,

and a developed transportation network. Therefore, the overall

human settlement and cultural environment is relatively high.

However, the northern mountainous area is sparsely populated

and has a harsh geographical environment. At the same time, the

high mountains and steep slopes hinder the development of

production and life. Therefore, the quality of the humanistic

environment is the lowest, which also highlights the necessity and

urgency of implementing immigration (Zhang W et al., 2022). In

addition, there are many towns and larger villages scattered along
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the main transportation roads. These areas have developed

transportation and although the living standards of residents are

not as good as those in urban areas, their comprehensive index of

humanistic factors is higher compared with villages in

mountainous areas.

The ArcGIS natural breakpoint method was used to classify the

human settlement and cultural environment index of GS Province

into unsuitable (0–0.10), low suitable (0.10–0.13), borderline

suitable (0.13–0.16), medium suitable (0.16–0.24), and high

suitable (0.24–0.50) and other five categories. The research results

found that the LZ area accounts for the largest proportion and the

HZ area accounts for the smallest proportion in the suitability of

human settlement and cultural environment in GS Province. The

five types of suitability area sizes are LZ (252,158 km²) > CZ

(105,495 km²) > MZ (55,483 km²) > UZ (37,930 km²) > HZ

(4,834 km²) (Table 7). Among them, the humanistic environment

UZ is mainly distributed in the edge area of the Tengger Desert in

the north and the mountainous area in the south. Lanzhou City in

the center has a relatively concentrated population density,

complete public service facilities, and the Yellow River passing

through the city, which makes its landscape and historical and

cultural heritage relatively small. High, so the regional suitability is

significantly higher than that of surrounding cities (Figure 7B).

4.2.2 Single factor suitability of the
cultural environment

The TAI in the study area spatially shows the distribution

characteristics of high in the east and low in the west, high in the

south and low in the north, high in the flatland and low in the

mountainous area, and the distribution pattern of TAI is consistent

with the sparseness of the road network, and the index is between 0

and 1 (Figure 8A). The EVI of the study area shows the spatial

differentiation characteristic of decreasing step by step from the

central city to the surrounding townships, presenting a significant

central circle structure, with an index in the range of 0–0.86, of

which Lanzhou City has the highest EVI, followed by Jiuquan City
TABLE 5 Weights of evaluation factors for the suitability of human settlement.

Target Layer Comprehensive Layer Index Layer Attribute Weight Consistency test

HEI

NEI

RDLS – 0.1481

CR=0.0652<0.1
fulfill requirements

CI + 0.0305

HI + 0.0716

NDVI + 0.0359

AQI – 0.0282

DRI – 0.1857

CEI

TAI + 0.1503

CR=0.034<0.1
fulfill requirements

EVI + 0.204

PSI + 0.0664

NLI + 0.0434

LSI + 0.0213

CHI + 0.0146
TABLE 6 The area and proportion of natural environment suitability in
GS Province.

Suitability type
Natural environment suitability

Index Area/km² Proportion

unsuitable 0.19–0.30 47,733 10.47%

criticality suitable 0.30–0.33 102,714 22.53%

lowly suitable 0.33–0.35 129,293 28.36%

moderately suitable 0.35–0.38 133,396 29.26%

highly suitable 0.38–0.43 42,718 9.37%
frontiersin.org

https://doi.org/10.3389/fevo.2023.1282749
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Geng et al. 10.3389/fevo.2023.1282749
(Figure 8B). The spatial distribution pattern of PSI in the study area

is similar to the trend of EVI changes, showing a trend of decreasing

step by step from the central city to the surrounding areas, with the

index lying between 0 and 1 (Figure 8C), the more economically

dynamic and densely populated the area, the higher the PSI, and

vice versa, the lower the PSI.

The NLI in the study area shows star-shaped spatial

differentiation characteristics, with the maximum value located in

the central city, and the index ranges from 0 to 63 (Figure 8D).

Affected by the administrative hierarchical structure, the central

urban area is significantly higher than the surrounding areas, and

the urban areas are larger. The LSI in the study area shows spatial

differentiation characteristics of high in the middle and low on the

four sides, with the index ranging from 0 to 1 (Figure 8E). It mainly

has the characteristics of a circle extending from the center to

Lanzhou City, Tianshui City, and Longnan City in the center. In

addition, it also forms a spatial distribution characteristic of a

significant band-like distribution of LSI in and around the Hexi

Corridor in the north and its surrounding areas. The CHI in the
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study area shows a spatial distribution characteristic of gradually

decreasing from Tianshui City in the south to the surrounding

areas, and the CHI in the south is significantly higher than that in

the north (Figure 8F), with the index ranging from 0 to 0.69.
4.3 Comprehensive suitability evaluation of
HSE in GS Province

4.3.1 Spatial distribution characteristics of
comprehensive suitability of human settlement

The comprehensive suitability of the HSE in GS Province shows

a spatial distribution characteristic of gradually decreasing from the

central urban area to the surrounding areas. The suitability index is

between 0.26 and 0.71 (Figure 9A), with the highest in the central

urban area of Lanzhou and the southern part of Jiuquan City. The

lowest in mountainous areas. Lanzhou City has a relatively

concentrated population and obvious transportation location

advantages. It is an important node city in the Belt and Road
B C
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FIGURE 6

Spatial distribution of the suitability of each index of the natural environment in GS Province: (A) is Relief degree of land surface, (B) is Climate Index,
(C) is Hydrology Index, (D) is Normalized Difference Vegetation Index, (E) is Air Quality Index, (F) is Disaster Risk Index.
BA

FIGURE 5

Spatial distribution of natural environment quality and suitability in GS Province: (A) is the natural environment index, (B) is the suitability of the
natural environment.
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strategy and the core city of the Lanxi urban agglomeration.

Therefore, its natural and cultural environment suitability is

relatively high (Figure 9B). Secondly, the five cities in the Hexi

Corridor have a unique geographical environment that breeds rich

natural scenery and scenic spots. Therefore, industries and

populations are concentrated in the central city, thus improving

the quality of the HSE to a certain extent. However, due to the vast

land, sparse population, and special geographical environment, the

rural areas in these areas are relatively scarce in resources and the

supporting facilities are relatively backward. Therefore, the

suitability of the HSE is rapidly declining.

4.3.2 Different types of zoning for the suitability
of human settlement

The ArcGIS natural breakpoint method was used to classify the

HEI of GS Province into unsuitable (0.26–0.40), low suitable (0.40–

0.45), borderline suitable (0.45–0.50), moderately suitable (0.50–

0.55), and highly suitable (0.55–0.71). The research results found

that the comprehensive suitability of the HSE in GS Province is

dominated by LZ (138,502 km²) and MZ (13,3761 km²), with UZ

(38,980 km²) accounting for the smallest area (Table 8). The

proportions of the five types of HSE suitability are LZ (30.38%) >

MZ (29.34%) > CZ (21.33%) > HZ (10.41%) > UZ (8.55%).

4.3.2.1 Highly suitable zone

The HSE highly suitable zone (HZ) is 47,459 km², accounting

for 10.41% of the total area, with a suitability index of 0.55–0.71,
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and is mainly located in the southeastern part of the study area, as

well as the main urban areas of the cities in the central Hexi

Corridor, with a small portion of them located in the suburbs and

tourist attractions. It presents the characteristics of multi-core

spatial distribution with Qingyang City as a belt, Lanzhou City as

a block, and Zhangye City as a point, this type of Habitat HZ has a

relatively concentrated population and convenient urban transport,

and the vitality of economic development is much greater than that

of the surrounding areas.

4.3.2.2 Moderately suitable zone

The HSE moderately suitable zone (MZ) is 133,761 km²,

accounting for 29.34 percent of the total area, with a suitability

index between 0.50 and 0.55, mainly distributed in the central part

of the study area, around the HZ and with a high degree of

integration of geographic location. It presents the spatial

distribution characteristics of spreading step by step from the

central city to the surrounding area, mainly in the main urban

areas of Lanzhou City, Tianshui City, and the suburbs of the city,

and these areas are subject to the convenience of transport facilities

and public services brought by the HZ and also form a relatively

concentrated economic and social development trend.

4.3.2.3 Lowly suitable zone

The HSE lowly suitable zone (LZ) is 138,502 km², accounting

for 30.38% of the total area, with a suitability index of 0.45–0.50,

and is mainly distributed in the northwestern part of the study area,

with a few areas in the central part. It presents the spatial

distribution characteristics of the band in the northwest, point in

the center, and circle in the south concentrated in the urban fringe

area, of which Jiuquan and Jiayuguan cities have the largest

proportion of human settlement LZ. These areas, due to the

extension of the transport network of the central city and the

trade of foreign economy, drive the local population gathering and

economic development, but the public service facilities are not

perfect enough and only meet the basic needs of human survival.

4.3.2.4 Criticality suitable zone

The HSE criticality suitable zone (CZ) is 97,244 km²,

accounting for 21.33% of the total area, and the suitability index
TABLE 7 The area and proportion of cultural environment suitability in
GS Province.

Suitability type
Cultural environment suitability

Index Area/km² Proportion

unsuitable 0.00–0.10 37,930 8.32%

criticality suitable 0.10–0.13 105,495 23.14%

lowly suitable 0.13–0.16 252,158 55.31%

moderately suitable 0.16–0.24 55,483 12.17%

highly suitable 0.24–0.50 4,834 1.06%
BA

FIGURE 7

Spatial distribution of cultural environment quality and suitability in GS Province: (A) is the cultural environment index, (B) is the cultural environment
suitability.
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is between 0.40 and 0.45, mainly distributed in the northern part of

the study and around the Qilian Mountain Reserve, as well as a

small area in the south. The spatial distribution of the Tengger

Desert fringe and Qilian Mountain Reserve to the core city of the

Hexi Corridor is characterized by a band shape. This type of area is

already difficult to meet the needs of human production and life due

to the fragile ecological environment, low transport accessibility,

and backward public service facilities.

4.3.2.5 Unsuitable zone

The HSE unsuitable zone (CZ) is 38,980 km², with the smallest

area share of 8.55%, and the suitability index is in the range of 0.26–

0.40, and it is mainly distributed in the south-west of the study area,

located in the area where the Qilian Mountains and the Tibetan

Plateau meet, and a small portion of it is located in the southern

geological disaster area of Longnan City. These areas have always

been unsuitable for human habitation due to the perennial snow

and ice cover, the growth of primitive forests, and the lack of
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transport networks, but this does not mean that these areas do not

have value; on the contrary, these areas are rich in natural resources

and ecological products for the arid zone, and always maintain the

security and stability of the regional ecosystem.
4.4 Matching of population distribution
and human settlement suitability

The HSE is a product created by human production and life in

natural and social environments, which has a significant impact on

population distribution (Zhang D. et al., 2022). Therefore, the

correlation coefficients of 0.30 (p < 0.01), 0.18 (p < 0.01), and

0.52 (p < 0.01) were found by analyzing the correlation between

HEI and population density and construction land area,

respectively, which were all highly significant and statistically

significant. The results of cumulative percentage curves show that

the distribution of population density and HEI in GS Province have
BA

FIGURE 9

Spatial distribution of HSE quality and suitability in GS Province: (A) is the human settlement environment index, (B) is the suitability of the human
settlement environment.
B C

D E F

A

FIGURE 8

Spatial distribution of the suitability of various indicators of the cultural environment in GS Province: (A) is Traffic Accessibility Index, (B) is Economic
Vitality Index, (C) is Public Service Index, (D) is Night light index, (E) is Landscape Scenery Index, (F) is Cultural Heritage Index.
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similar spatial distribution characteristics, i.e., the higher the HEI,

the higher the population density of the area, and the cumulative

percentage curves of population and land area have similar trends

but do not overlap, and they are all in the form of “S” (Figure 10).

When the HEI is 0.5, the slope of the cumulative percentage of

population curve is the largest, which indicates that the population

distribution is the most intensive on the land with HEI of 0.5; the

greater the HEI is, the smaller the slope is, which reflects the

corresponding population density increase is less; the proportion

of the population with HEI of less than 0.48 is less than 10%, while

the proportion of the population with HEI of more than 0.48 is

more than 90%, which indicates that the land with higher suitability

for the habitat is more densely clustered. This indicates that the

higher the habitat suitability, the more population is clustered on

the land, which is the same as the results of existing studies (Wang

et al., 2017; Zhang D. et al., 2022), which verifies the credibility of

the habitat suitability evaluation model.
5 Discussion

5.1 The HSE in arid areas is
affected by many factors and has
significant boundary characteristics

As an important habitat space for humans, the quality of the

HSE is the result of the joint interaction of multiple factors between

humans and nature (Ossendorf et al., 2019; Luo et al., 2021;

Timmermann et al., 2022). Humans and nature jointly affect the

suitability of the HSE. A safe and stable natural environment is the

foundation of the HSE, and a convenient and comfortable

humanistic environment is the soul of the HSE (Wang et al.,

2017). In terms of the suitability of the HSE in arid areas In

terms of evaluation, CI and HI are the main influencing factors of

regional human settlement quality, which is basically consistent

with the conclusions of existing studies (Feng and Zhen, 2022). In

addition, the HEI of the 14 cities in the study area shows significant

administrative boundary differences, with 42.9% of cities having an

average HEI greater than 0.5 (Figure 11). It is worth noting that

Pingliang City has a relatively small administrative area but a

complete overall infrastructure. Therefore, the accessibility of

transportation networks and public service facilities within the

same period of time is relatively high. Therefore, the average

value of the suitability of the HSE is It is the largest among the 14
Frontiers in Ecology and Evolution 15
cities in GS Province. Therefore, in the future, in the process of

improving the suitability of the HSE in arid areas and mountainous

areas, the impact of surrounding cities should be taken into

consideration, and targeted regional integrated improvements in

the quality of the HSE should be carried out to achieve the common

goal of transportation networks and public services. Build and share

(Luo et al., 2021).
5.2 The combination of GIS and AHP can
more truly reflect the suitability of human
settlements in arid areas

In traditional research on the suitability of human settlements

in arid areas, statistical yearbooks, expert scoring methods, and

questionnaires are often used (Zhao et al., 2019; Wang et al., 2021;

Xue et al., 2021), as well as a single GIS spatial analysis method

(Zhang D. et al., 2022; Song and Li, 2023). Although these methods

can calculate the suitability of regional HSE to a certain extent, they

are divorced from the actual situation of the study area and have too

much subjectivity in the selection of index weights, resulting in

deviations between the reasons for index selection and the accuracy

of the evaluation results. In addition, existing research often focuses

on the impact of the natural environment on the HSE (Luo et al.,

2021; Chen et al., 2022), while ignoring the decisive role of the

cultural environment such as public services on the quality of life

and happiness of regional residents (Wang et al., 2019), resulting in

the final evaluation of the HSE being dominated by natural factors,

making it impossible to obtain accurate scientific results. Therefore,

this study is both innovative and improved compared with existing

studies in terms of method model and indicator selection. This

study uses the Analytical Hierarchy Process and ArcGIS software to

take advantage of the objectivity of the Analytical Hierarchy Process

in determining indicator weights and the advantages of GIS in

large-scale spatial operations. Integrating the impact of the two

dimensions of nature and culture on the HSE in arid areas, natural
FIGURE 10

Cumulative percentage curves of human settlement suitability and
population and land.
TABLE 8 The suitable area and proportion of HSE in GS Province.

Suitability type
HSE suitability

Index Area/km² Proportion

unsuitable 0.26–0.40 38,980 8.55%

criticality suitable 0.40–0.45 97,244 21.33%

lowly suitable 0.45–0.50 138,502 30.38%

moderately suitable 0.50–0.55 133,761 29.34%

highly suitable 0.55–0.71 47,459 10.41%
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environment indicators such as RDLS, CI, HI, NDVI, AQI, and DRI

were combined with cultural environment indicators such as TAI,

EVI, PSI, NLI, LSI, and CHI. Combining qualitative and

quantitative methods, comprehensively refer to relevant research

results and relevant norms and standards, and combine it with field

surveys to understand the actual characteristics of the study area.

We use the natural breakpoint method to divide the suitability of

the HSE into five evaluation levels, so as to obtain and grasp the

spatial distribution rules of the suitability of the HSE in GS Province

more truly and objectively. This can better provide methodological

reference and model support for the suitability assessment of

human settlements in similar arid areas.
6 Conclusion and prospect

Extreme climates and heat waves continue to threaten human

livelihoods and the living environment. The separation of

landforms and precipitation conditions in arid areas has led to

dispersed settlements, tense relationships between man and land,

and fragile ecological environments, making them more susceptible

to extreme conditions. Therefore, this study takes the suitability of

the HSE in arid areas as the research object, combines the natural

environment with the cultural environment, and uses GIS and AHP

to explore the spatial distribution of suitability of the HSE in GS

Province. It is expected to provide scientific models and decision-

making support to guide the population to concentrate in

moderately suitable and highly suitable areas, thereby effectively

realizing the sustainable development of man and nature. The main

conclusions of the study are as follows: (1) The spatial distribution

of the natural environment index for human settlement shows a

significant increase in the central and eastern regions compared to

the northwest, with significant local differences. The highest

proportion of natural environments with relatively high suitability

is 29.26% and the lowest proportion of natural environments with

high suitability is 9.37%. The areas with unfavorable natural

environments are mainly distributed in the nature reserves in the
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southwest and disaster-prone areas in the southeast. (2) The spatial

distribution of the suitability of the cultural environment in the

study area presents a circle structure that gradually decreases from

the core city to the surrounding area. The highest proportion of the

low suitable area of the cultural environment is 55.31%, and the

lowest proportion of the high suitable area is 1.06%. The unsuitable

areas for the cultural environment are mainly distributed in the

northern Tengger Desert fringe area and the southern mountainous

area. (3) The comprehensive suitability of human settlement in GS

Province presents a spatial distribution characteristic, gradually

decreasing from the central urban area to the surrounding areas.

The area sizes of the five types of suitability are ranked as the

following: LZ > MZ > CZ > HZ > UZ. 42.9% of cities have an

average suitability index of human settlement greater than 0.5. The

distribution of population density and the suitability index of

human settlement have similar spatial distribution characteristics.

When constructing the evaluation index system for the

suitability of the HSE in arid areas, this study has tried its best to

fully consider the factors that affect the suitability of the HSE. It

innovatively combines field survey results with remote sensing

image data to more objectively and truly reflect the actual living

environment status of the study area, and combines GIS and AHP

to obtain evaluation results from a more scientific and objective

perspective. However, due to reasons such as the unavailability of

some data sources, the constructed indicator system still cannot

cover all factors. The evaluation of each suitability index can

basically analyze the suitability zoning of the HSE, but the

comprehensive results lack the analysis of the internal

contradictions and coordination of the suitability of the HSE.

Therefore, in similar research in the future, we can try to use

high-precision, long-series satellite remote sensing data combined

with GIS and AHP to form more scientific and complete evaluation

methods and models. Try to identify areas with suitable HSE and

their population potential scale and spatial distribution location,

and repeatedly revise the intrinsic influencing factors and driving

mechanisms of the HSE in arid areas through multiple field surveys,

so as to propose targeted strategies.
FIGURE 11

The comprehensive index of HSE in 14 cities. ZY, Zhangye; WW, Wuwei; TS, Tianshui; QY, Qingyang; PL, Pingliang; LN, Longnan; LX, Lingxia; LZ,
Lanzhou; JQ, Jiuquan; JC, Jingchang; JYG, Jiayuguan; GN, Gannan; DX, Dingxi; BY, Baiying.
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