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Abstract: In recent years, regional habitat quality (HQ) has significantly degenerated, mainly at-
tributed to human activities. Evaluating the spatio-temporal effects of human activities on HQ is
crucial for maintaining regional ecosystem and conservation of landscapes. In this paper, taking
Guiyang city as a case study, the spatio-temporal patterns of HQ and human footprint (HF) in 2000,
2010 and 2020 were respectively calculated by the HQ model and human footprint index (HFI).
Then, the bivariate local Moran’s I was applied to measure the spatial relationship between them.
Urban development zoning was conducted on the basis of the spatio-temporal relationship. The
results showed that (1) in the past 20 years, HQ in Guiyang city was mainly dominated by relatively
high value areas (moderately high and high), accounting for more than 60% of the total area. The
proportion of low HQ area increased from 12.5% in 2000 to 18.5% in 2020, indicating that urban
development has caused the continuous degradation of HQ. (2) The human activities in Guiyang city
undergone apparent changes. The area of low HF decreased from 51.5% in 2000 to 46.7% in 2020,
while the area with high-value increased from 2% to 5.8%. (3) There was a significantly negative
correlation between HQ and HF in Guiyang city. The increasing correlation coefficient indicated that
the impact of human activities on HQ has been strengthening. (4) Based on the spatial zoning scheme,
the territorial space of Guiyang city was divided into four types, that is, the core development zone,
the moderate development zone, the habitat conservation zone and the prohibited development
zone. A series of corresponding strategies were proposed for the characteristics of each zone. Our
findings can serve as guidance to urban managers and policy-makers for adopting suitable urban
development plans and appropriate management of natural environment.

Keywords: habitat quality; human activities; spatio-temporal evolution; spatial autocorrelation;
Guiyang city

1. Introduction

With the rapid development of global urbanization and industrialization, the scope
and intensity of human activities are constantly increasing, causing a serious negative im-
pact on ecosystems [1-3]. Problems such as a lack of biodiversity and habitat fragmentation
are gradually emerging [4,5] which made the sustainable development of human society
and the regional ecological security face severe challenges [6,7]. Balancing the regional
development and the ecological protection has become an arduous task for construction of
ecological civilization and territorial spatial planning [8].

It has triggered related research on the impact of human activities on the natural
environment since Marsh first asked “To what degree does human activities influence
the processes of nature?” [9,10]. Then, a series of models for measuring human activities
were proposed [11-13]. However, most studies have only focused on land use and land
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cover change (LUCC) caused by human activities, which was not sufficient in capturing
the various pressures of human activities on the ecological environment [14]. In 2002,
Sanderson et al. first proposed the human footprint index (HFI) which provided a com-
prehensive evaluation of human activities combining population density, land transition,
transportation accessibility, and power infrastructure data [15]. Moreover, they drew the
global map of the HF, revealing the intensity of human activity on a global scale [16,17].
According to the HFI, the human footprint has been or is being mapped on a global or
regional scale e.g., Mexico, Tibet Plateau, etc. [17-20], and it has emerged as an important
model for studying the impact of human activities on the ecological environment [21].

The resources and conditions that exist in an area that provide for the survival of a
species are called habitat [22]. A great number of researchers have explored that habitat
plays an extremely important role in regional ecosystems, maintains regional biodiver-
sity [23,24] and regulates climate [25,26]. Some of them represented the ecological environ-
ment quality by HQ. As human activities intensified all over the world, HQ was under
unprecedented pressure and required some protective measures [27,28]. Meanwhile, a great
deal of methods and models, e.g., the habitat suitability index (HSI) [29,30], the ecosystem
service value (ESV) [31,32], and the HQ model of INVEST, have been developed to assess
HQ [33,34]. Among them, the HQ model, with simple operation and easy access to data,
combined the sensitivity of different land use types with various threat factors and the
external threat strength to obtain the distribution of HQ [35-37] that makes the results
relatively accurate and visual. Therefore, HQ model has been used to assess the ecological
security and ecosystem health [38—40].

Urbanization is regarded as the most influential factor in human activities [41]. The
processes of urbanization can alter the composition and structure of habitat [42], thereby
affecting the exchange of materials and energy [34,43]. In China, the protection and
restoration of ecosystem, as a national strategy, have been promoted to respond to the
enormous threats to natural ecosystems stemmed from rapid urbanization over the past
few decades [44]. For the sustainable development of urbanization, an increasing number
of scholars have paid attention to the relationship between urbanization and HQ, and even
explored the appropriate measurements, for instance, delimitation for restricting urban
expansion, to maintain the ecological security in urban area [45,46]. Yet, few studies have
unveiled the fact that areas with higher HQ did not mean low HF, and vice versa. The
degree of HF is mainly affected by three spatial factors: urbanized area, agricultural land
and roads [47]. Hence, it seems more reasonable and feasible to integrate HF with HQ
to determine ecological reserves. In this study, the relationship between HQ and HF was
identified by using the bivariate Moran’s I index and applied to divide development zones
of the study area.

Guiyang city, the capital of Guizhou Province, is located in the karst mountain region
of Southwest China. The ecological environment of the karst mountain region is relatively
fragile and is easily disturbed by human activities and natural factors. Relying on the
“Development of Western China” strategy, Guiyang city has experienced rapid urbanization
and industrialization during the past 20 years. Although after long-term ecological protec-
tion, the ecosystem of Guiyang city provided not only necessary habitat for residents but
also superior tourism resources, it cannot be ignored that the intensity of human activities
was raising and seriously threatened the vulnerable ecosystem. Furthermore, researches on
HQ or HF in urban area of the karst regions have been rarely involved in only a few studies.
Therefore, in this study, HQ, HF and their relationship in Guiyang city were measured, and
zoning was conducted based on the results of their spatial relationships in order to alleviate
the conflicts between regional development and ecological conservation [48]. Thus, the
objectives of this study were as follows: (1) simulate the spatio-temporal patterns of HQ in
Guiyang city; (2) simulate the spatio-temporal patterns of HF in Guiyang city; (3) explore
the spatio-temporal relationships between HQ and HF; and (4) propose a spatial zoning
scheme.
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2. Materials and Methods
2.1. Study Area

Guiyang city, the capital of Guizhou Province of China, is located in the middle of
Guizhou (106°07'-107°17 E and 26°11’-26°55" N (Figure 1). It is the political, economic and
cultural centre of Guizhou Province, as well as an important transportation, communication
hub and industrial base in the southwest of China. As a typical karst area the terrain is
high in the southwest and low in the northeast, with an evaluated altitude of about 1100 m.
Guiyang city has a subtropical monsoon humid climate and it is neither too cold in winter
and nor too hot in summer. Guiyang city currently governs 10 county-level districts, with
a total area of 8034 km?. In 2020, there were 5,989,800 permanent resident population
and the urbanization rate was 80.1%. The GDP of Guiyang was 431.165 billion yuan, an
increase of 5% compared with the 2019. However, with the rapid industrialization and
urbanization, the destruction of the ecological environment in Guiyang city is intensified,
and the sustainable development of the economy and society is facing great pressure.
However, as one of the cities with the fastest GDP growth in China, Guiyang still faces
significant disturbances to the urban habitat environment that occur as a result of rapid
urbanization and economic growth. An assessment of the spatio-temporal status of HQ and
HF in this region can provide a scientific reference for regional development; additionally,
it has important guiding implications for urban renewal in the frame of territorial spatial
planning of Guiyang city.
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Figure 1. Location, administrative divisions, land use, and elevation of Guiyang city. (a) Land use in
Guiyang city in 2020; (b) elevation of Guiyang city; (c) location of Guiyang city in China.
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2.2. Data Sources

In this study, the land use data (2000, 2010, 2020) of Guiyang city collected from the
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http:/ /www.resdc.cn/, accessed on 3 March 2022); the digital elevation model (DEM)
was gained from the Geospatial Data Cloud Site, Computer Network Information Center,
Chinese Academy of Sciences (http:/ /www.gscloud.cn/, accessed on 3 March 2022); the
population density data (2000, 2010, 2020) and road data (2000, 2010, 2020) were obtained
from the Data Center for Resources and Environmental Sciences, Chinese Academy of
Sciences (http:/ /www.resdc.cn/, accessed on 8 March 2022); the night light data including
two categories: DMSP/OLS (2000-2013) and NPP-VIIRS (2012-2020), were derived from
the Earth Observation Group (EOG) (https://eogdata.mines.edu/products/vnl/, accessed
on 3 April 2022). In addition, after coordinate transform and resample in ArcGIS10.2
software, all data were uniformly converted into raster data (30 m x 30 m). The data
sources and descriptions were shown in Table 1:

Table 1. Data sources and descriptions in this study.

Data Name Resolution Period Data Source

http:/ /www.resdc.cn/,
accessed on 3 March 2022
http:/ /www.gscloud.cn/,

Land use data Vector 2000, 2010, 2020

DEM data Raster, 30 m 2015 accessed on 3 March 2022
ol gt o N
Road data Vector 2000, 2010, 2020 ai‘gzzsé éﬁ:;ﬁ;&i%&z
Night;:ge light Raster, 1 km 2000, 2010, 2020 htetgz//}friﬁ?&s\rﬁﬂes
accessed on 3 April 2022
2.3. Methods

2.3.1. Research Framework

The overall research framework of this study can be expressed as Figure 2:

Firstly, the spatial patterns of HQ in Guiyang city in 2000, 2010 and 2020 were cal-
culated by using the HQ model based on land use data. Secondly, the spatial patterns of
HF in Guiyang city in 2000, 2010 and 2020 were measured by HFI according to land use
data, population density data, night time light data and road data were used in the process.
Then, the spatial relationships between HQ and HF in Guiyang city were simulated based
on the bivariate local Moran’s I.

The results of these two steps were used as the basis for zoning in which the ecological
protection was prioritized. Finally, the territorial space of Guiyang city was divided into
four zones: the core development zone, the moderate development zone, the habitat
conservation zone and the prohibited development zone (the detailed zoning scheme is
described in Section 2.3.6).
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Figure 2. The Framework of this study.

2.3.2. The Habitat Quality Model

The HQ model in the InVEST software can be used to evaluate the ecosystem status.
There are four key factors in this model [39]: (1) the relative impact of each threat; (2) the
relative sensitivity of each habitat to each threat; (3) the distance between the habitat and
the source of the threat; and (4) the extent to which the land is protected by law [49]. The
HQ index is calculated by the following formula [40]:

D,
T P
Qﬁ_Hdl (D%+KJ

where Q,; represents the HQ of grid x in land use type j; H; represents the habitat suitability
of land use type j; D,; represents the threat level of grid x in land use type j; k represents
the half-saturation constant; and z = 2.5. The threat level D,; is calculated by the following
formula:

)

R & Wy .
Dy=3 Y | ok |ryireyBxSjr 2
r=1y=1 Zrzl Wy

where D,; represents the habitat degradation or threat level in grid x; r represents the threat
factor; y represents the total number of threat grids in r; Y, represents the number of threat
grids in r; w, represents the weight of each threat factor 7; ry represents the threat factor
value of grid y; iryy represents the impact of threat r in raster y to habitat x; B, represents
the level of accessibility of grid x; and S;, represents the sensitivity of land use type j to
threat factor 7. i,y is calculated by the following formula:

1-— adx—y (linear)

rm

exp [—( 222 dey] (exponential) ®

irxy =

drmax
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where dxy represents the linear distance between grids x and y, and d;qx represents the
maximum sufficient distance of threat factor r.

In this study, based on the actual situation in the study area, paddy field, arid land,
urban land, rural settlements, other construction land and unused land were used as
threat factors. Furthermore, the maximum influence distance and weight of the threat
factors, the habitat suitability of different land use types (values range from 0 to 1, with
higher values indicating higher habitat quality), and the relative sensitivity of different
land use types to different threat factors (Tables 2 and 3) were determined with reference to
previous studies [50,51]. The spatial distribution of the HQ in Guiyang city was obtained
by substituting the relevant parameters into the HQ model of InVEST.

Table 2. Threat factors and their maximum distance of influence, weight, and type of decay over
space.

Max Distance of

Threats Influence (km) Weight Decay Type

Paddy field 1.0 0.5 Linear

Arid land 2.0 0.7 Linear
Urban land 6.0 1.0 Exponential
Rural settlements 3.0 0.8 Exponential
Other Clo nstruction 4.0 0.7 Exponential

and
Unused land 1.0 0.5 Linear
Table 3. Habitat suitability degree and sensitivity to threats of land use type.
Land Use Type Habitat Paddy Arid Urban Rural Cogstt}:ll;: tion Unused
Suitability Field Land Land Settlements Land Land
Paddy field 04 0.0 0.2 0.5 0.3 0.2 0.0
Arid land 0.2 0.2 0.0 0.5 0.2 0.2 0.1
Woodland 1.0 0.8 0.8 1.0 0.8 0.6 0.4
Shrub wood 0.8 0.4 0.4 0.6 0.4 0.2 0.2
Sparse forest 0.6 0.8 0.8 1.0 0.8 0.2 0.4
Other woodland 0.6 0.6 0.6 0.9 0.8 0.5 0.4
High-coverage grassland 0.8 0.7 0.7 0.9 0.8 0.6 0.3
Moderate-coverage 0.7 0.4 0.4 0.6 05 0.3 0.2
grassland

Low-coverage grassland 0.6 0.3 0.3 0.6 0.4 0.4 0.2
Graff 0.9 0.7 0.7 0.8 0.6 04 0.2
Lake 0.8 0.7 0.7 0.8 0.6 0.4 0.2
Reservoir 0.8 0.7 0.7 0.9 0.7 0.5 0.4
Urban land 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rural settlements 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Other construction land 0.0 0.0 0 0.0 0.0 0.0 0.0
Unused land 0.1 0.1 0.1 0.4 0.3 0.3 0.0

2.3.3. Human Footprint Index (HFI)

HF reflects the influence of human activities on the land surface [9]. In this study,
HFI was used to measure the regional HF in the study area. The indicators developed
by Sanderson et al. including population density, land transformation, transportation
accessibility, and power infrastructure was applied [15]. Of note, because the rivers in
Guiyang city had no transportation function, the indicator on transportation accessibility
was represented by roads. The specific formula for calculating the HFI is as follows:

HFI = LUI + POP + NTL 4+ ROAD (4)
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where LUI represents the land use index, POP represents the population density, NTL
represents the night time light index, and ROAD represents the traffic accessibility degree
after assigning the value for quantification. Depending on the pressure of these indicators
on the ecological impact, pressure scores from 0 to 10 were assigned in different ways, and
the final HFI was obtained after comprehensive superposition. The specific assignment of
pressure scores is as follows:

(1) Land use type can obviously express the results from the impact of human activities
on the earth’s surface. One kind of the ecological degradation is the reduction of ecological
land by anthropogenic disturbance. It is confirmed that the area with more intensity of
human activities, for instance urban areas, have more hindering effect on ecosystem [52].
Therefore, the pressure score of urban land and other construction land was set as 10,
meanwhile the pressure score of rural settlements was assigned 8 because it has less effect
on ecosystem than urban land [16,53]. In addition, the paddy field and arid land were
given 7 points. Notably, the forests, grasslands, and waters, were given 1 point instead of 0,
as human activity still occurs in these areas.

(2) Many of the pressures humans exert on the environment are close to where they
are located [54]. Population density directly reflects the intensity of human activities, yet,
there might be human activities in the areas with tiny population density. Using natural
breakpoints method in ArcGIS10.2 software, the population density was divided into ten
levels and the pressure scores of these levels ranged between 1 and 10.

(3) Night time light precisely describes the population distribution and human activ-
ities in nighttime, which has been widely utilized in many researches, e.g., GDP, urban
expansion, and energy consumption [55]. However, unlike the population density index,
we gave a score of 0 with digital number (DN) values of 0 [19], and the rest were given
1-10 points according to the natural break point method. The pressure score of night time
light with the digital number (DN) value equal to zero was set to 0. Subsequently, the DN
values higher than 0 were separated into ten levels, each with a 1 increment. Of the ten
levels, Level 1 was set as 0 and Level 11 was equal to 10.

(4) As a channel of human access to nature, roads directly affect the integrity of
the natural landscape pattern and the habitat of animals In a great number of relevant
researches, roads were perceived as an influencing factor from human to ecosystem [56]. In
this paper, roads and railways adopted multiple ring buffer zones for scoring. However,
due to the different ways and degrees of environmental impact of railroads and roads [19],
we adopted different schemes to address it. Among them, the pressure scores of areas
within 0 km to 0.5 km of a railroad were assigned 8, those within 0.5 km to 2 km were
assigned a score of 6, those within 2 km to 5 km were assigned a score of 4, and those
areas beyond 5km were assigned a score of 0. Areas within 0 km to 0.5 km of a road were
assigned a score of 8, areas within 0.5 km to 2 km were assigned a score of 6, areas within
2 km to 5 km were assigned a score of 4, areas within 5 km to 10 km were assigned a score
of 2, and areas beyond 10 km were assigned a score of 0.

Finally, all the data were uniformly pre-processed and equal weighted superimposed
to obtain the HF in Guiyang city.

2.3.4. Global Moran’s I

The global Moran'’s I can be used to measure a spatial correlation between independent
and dependent variables [57]. In this paper, it was used to identify the spatial correlation
between HQ and HEF. The specific formula of global Moran’s I is as follows:

ni {: Wij<Xi_>_() (X]—}_(>

i=1j=1

n n B 2
Wi (Xi - X)
i=1j=1

©)
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where [ is the global Moran’s I index value, and the value ranges [—1, 1]. If Moran’s I index
value > 0, there is a positive spatial correlation between variables. Conversely, if Moran's I
index value < 0, there is a negative spatial correlation between variables, and the larger the
index value is, the greater the regional correlation.

2.3.5. Bivariate Local Moran’s I

The bivariate local Moran’s I, as an effective method in geographical and ecological
research, can offset the limitation of previous spatial autocorrelation analyses with only one
variable [57,58]. It can be used to observe the value of one variable of a spatial unit and the
value of another variable of an adjacent spatial unit in order to reveal the interrelationships
between the two functional systems. The spatial relationship between HQ and HF was
measured by the bivariate local Moran’s [ in this study. The formula of bivariate local

Moran’s I is as follows:
n

x’-‘—fk xl—fl
=21 Y| Wy 701 (6)

k
ot 5

where [ is the bivariate local Moran’s I spatial autocorrelation coefficient; represents the
k-th functional value of the i-th unit; represents the I-th functional value of the k-th unit;
represent the average value of the k-th function and I-th function, respectively; represent the
variance in the k-th function and I-th function; n represents the number of units in the study
area; and wj; represents the spatial adjacent weight matrix between units i and j in the study
area. The queen neighbour mode was used to construct spatial weights and jointly analyse
the HQ and HF based on the 95% confidence level to obtain the final spatial relationship. If
the result had “high-high” significant spatial clustering, it indicated that both HQ and HF
had high values in the region. Conversely, if the result had “low-low” significant spatial
clustering, it meant that HQ and HF had low values in the region. Moreover, if the result
was “high-low” or “low-high” significant spatial clustering, it illustrated that HQ and HF
were high in one value and low in the other in the region.

Considering the scale of the study area, the data, used in bivariate local Moran’s I, was
converted into grids with cell sizes of 100 m x 100 m.

2.3.6. Zoning Management Scheme

Zoning management of territorial space is an important measure to improve the overall
efficiency of land use and promote regional sustainable development [59]. In this study,
according to the result of the spatial relationship between HQ and HEF, four zones, namely
the core development zone, the moderate development zone, the habitat conservation zone
and the prohibited development zone, were identified (Figure 3).

I Saptial Relationship Zones ol cheae
Habitat Quality —
A H ;
T " LontQ-Low " Core development zone Low HQ-High HF
= — : N " Low HQ-High HF " o el HQ values < HF values
ivariate Local Moran’s oderate development zone PR "
" High HQ-Low HF " in "no insignificant" area
. . HQ values > HF values
" High HQ-High HF " Habitat conservation zone in "no insignificant" area
Linan Hootpant ~ | [ Nosignificance | . High HQ-Low HF U High HQ-High
A Prohibited development zone 5E U o e LA e

Figure 3. Spatial zoning scheme of Guiyang city.

Specifically, the prohibited development zone included the area with “high-low” rela-
tionship and “high-high” relationship between HQ and HFE, and then in order to Consistent
with the Delineation Scheme of Ecological Protection Red Line in Guizhou Province an-
nounced in 2018, the prohibited development zone was adjusted based on the ecological
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(a) 2000
B Low [ Moderately low [ Medium [0 Moderately high [l High

red lines of Guiyang city. The area with “low-high” relationship was designated as the
development core zone because the land use of this area was largely urban construction
land, and this zone will take up important tasks for the economic and social development
of Guiyang city. The areas with “not insignificant” relationship and “lowlow” relationship
were separated into the moderate development zone and the habitat conservation zone.
That is, if the HQ value was greater than the HF value, then this spatial unit was classified
as the habitat conservation zone, otherwise it is classified as the moderate development
zone.

3. Results
3.1. Spatio-Temporal Patterns of Habitat Quality

Based on the HQ model of InVEST, the HQ results of Guiyang city in 2000, 2010
and 2020 were obtained (Figure 4). The HQ was divided into five grades: low [0, 0.2),
moderately low [0.2, 0.4), medium [0.4, 0.6), moderately high [0.6, 0.8), and high [0.8, 1]).

(b) 2010 | (©2020°

Figure 4. Spatio-temporal patterns of habitat quality in Guiyang city from 2000 to 2020.

The HQ of Guiyang city in 2000, 2010, and 2020 mainly concentrated on moderately
high and high, with the total areas of both grades accounting for more than 60%, indicating
that the overall ecological quality of Guiyang city was superior. The spatial distributions of
HQ were characterized by spatial agglomeration, and the high-value areas were scattered
at the junction of county-level regions. Among them, the northern regions of Guiyang
city were greatly affected by the topography and location, where there were large areas of
woodland. Moreover, the southeastern regions, i.e. the south of Qingzhen and the west
of Guanshanhu, had large area with high HQ due to the impact of water-bodies. On the
contrary, the low HQ were principally located in the southern regions, including Baiyun,
Guanshanhu, Yunyan, Nanming and Huaxi, which were the core urban areas of Guiyang
city and had intense effects on ecosystem.

The values of HQ in Guiyang city have varied significantly from 2000 to 2020. To
explore the characteristics of HQ changes in Guiyang city, Origin 2021 software was used
to create a chord diagram (Figure 5), which not only can clearly exhibit the magnitude of
changes in each HQ grade, but also can visually express the direction of area flow between
each HQ grade. Combining with Figures 4 and 5, it is unveiled that the area variety of each
grade of HQ from 2000 to 2010 were relatively small, and there was little transfor-mation
between them. However, from 2010 to 2020, the level of urbanization and indus-trialization
in Guiyang city has accelerated significantly, resulting in significant changes in each grade
of HQ. Particularly, the area with low HQ climbed from 13.3% in 2010 to 18.8% in 2020,
while the others revealed a downwards trend in HQ. In general, over the past 20 years,
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10.4%

10%
(a) 2000-2010
B Low

the areas with medium HQ, moderately high HQ, and high HQ have less change, on the
contrary, the area with low HQ has the most change. It is noticeable that the increment of
area with low HQ was derived from the transformation of moderately low HQ due to the
growing intensity of land use in the suburban areas and the urban expansion.

10.2% 10.2%

10%
(b) 2010-2020 (c) 2000-2020

[ Moderately low [_|Medium [0 Moderately high [l High

Figure 5. The magnitude of change and flow direction of each grade of habitat quality in Guiyang
city from 2000 to 2020.

The spatial distribution of habitat quality degradation in Guiyang from 2000 to 2020
were shown in Figure 6, which can further support the results shown in Figure 4. The areas
with a high degradation were mostly located in the main urban areas of southern Guiyang
city, with obvious ring characteristics, indicating that the HQ degradation in Guiyang
city was primarily dominated by urban construction land expansion (the areas with HQ
degradation equal to 0 were predominantly urban construction land). Addition-ally, the
HQ degradation in the remaining areas was relatively low and the degree of deg-radation
was exhibited a downwards trend from urban to suburban areas. Therefore, it can be
exposed that the overall development of Guiyang city was sustainable.

(b) 2010~ (c) 2020

[ 0-0.02 [10.02-0.04 [0.04-006 [ >0.06

Figure 6. Spatio-temporal patterns of habitat degradation in Guiyang city from 2000 to 2020.
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3.2. Spatio-Temporal Patterns of Human Footprint

The results of HF in Guiyang city in 2000, 2010 and 2020 were shown in Figure 7.
The results were divided into five grades: low [0, 0.2), moderately low [0.2, 0.4), medium
[0.4, 0.6), moderately high [0.6, 0.8), high [0.8, 1].

(a) 2000

(b) 2010 (c) 2020
B Low [ Moderately low  [_]Medium [ Moderately high  [Jill High

Figure 7. Spatio-temporal patterns of human footprint in Guiyang city from 2000 to 2020.

The spatial distribution of HF in Guiyang city had a strong agglomeration; that is,
the areas with high HF were mainly concentrated in the main urban areas in the southern
part of Guiyang city where the high value of HF spread outwards during the study period.
Meanwhile, in the northern part, i.e., Xifeng and Kaiyang, the spatial distribution of high
HF became wider and gradually extended to the central area. Obviously, the distributions
of medium and low HF were scattered in Qingzhen, Xiuwen, Xifeng, Kaiyang and Wudang
due to the landscape fragmentation. This result expressed that the karst landscape had the
obstacle to human activities. Furthermore, as shown in Figure 7, more than 50% of the total
area were low HF in 2000 and 2010, but this value fell to 46.7% in 2020. On the contrary,
although the percentage in area of high HF was smallest, with 2%, 2.8% and 5.8% in 2000,
2010 and 2020, respectively, the dramatic change occurred during the latter period, rising
3%. The percentage in area of moderately high HF experienced sharp increment from 3.6%
to 7.7% from 2000 to 2010, but remained stable from 2010 to 2020. Of note, the percentage
in area of medium grade had minor changed, decreasing less than 4% from 2000 to 2010
and raising more than 5% from 2010 to 2020.

During the study period, the HF in Guiyang city has changed significantly. The rapid
urbanization and the construction of roads have greatly increased the area and intensity
of human activities. Figure 8 showed the rate and direction of change in HF area for each
grade from 2000 to 2020. The proportion of high HF areas expanded from 2.8% in 2000 to
5.8% in 2020, which primarily stemmed from the areas with low HF and moderately low
HEF. At the same time, the proportion of low HF decreased from 51.5% in 2000 to 46.7% in
2020, and such area greatly shifted to the medium HF. Overall, the range and magnitude of
change in the HF of Guiyang City between 2010 and 2020 was significantly greater than
that between 2000 and 2010.
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Figure 8. The magnitude of change and flow direction of each grade of human footprint in Guiyang
city from 2000 to 2020.

3.3. Spatio-Temporal Relationships between Habitat Quality and Human Footprint

Based on the global spatial Moran’s I index, the spatial autocorrelation relationships
between HQ and HF in Guiyang city were obtained. The Moran’s I index values were
—0.278, —0.297, and —0.360 in 2000, 2010, and 2020, respectively, explaining a significant
negative spatial correlation between them. This negative correlation increased over time,
indicating that the impact of human activities on the ecological environment has continued
to increase.

At the 95% confidence level, based on the bivariate local Moran'’s I, the spatial rela-
tionships between HQ and HF and their area proportion in Guiyang from 2000 to 2020
were obtained (Figure 9). Among them, the area of “low-low” represented the areas with
low HQ and low HF; “low-high” indicated the areas with low HQ but high HF; “high-low”
meant the areas with high HQ but low HF; “high-high” denoted theareas with high HQ
and high HF; and “not significant” implied that the relationship between HQ and HF was
not significant at a 95% confidence level.

(b)2010 (2020 ©

Figure 9. Spatio-temporal relationships between habitat quality and human footprint in Guiyang city
from 2000 to 2020.
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In the field of the spatial distribution, except the areas with no significant correlation,
the spatial relationship between HQ and HF in Guiyang city greatly concentrated on the
“low-high” and “high-low”.The area of “low-high” was mostly scattered in the southern
region of Guiyang city, accounting for 10.8%, 10.8%, and 13.3% of the total area in 2000, 2010
and 2020, respectively. Meanwhile, the “high-low” area primarily dominated the junction of
northern districts and counties, accounting for 19.8%, 20.7%, and 23.1% of the total area in
2000, 2010 and 2020. It should be noted that both the area with “low-high” and “high-low”
enlarged during the study period. On the one hand, the rapid urbaniza-tion in the south
has accelerated the area of human activities, resulting in a growing “low-high” area. On
the other hand, the area with “high-low” was also rising due to the imple-mentation of
strict ecological protection and restoration policies. In addition, with limited distribution,
the “high-high” was chiefly scattered in the edge or interior of the “low-high” which was
dominated by urban suburbs or urban parks. The spatial distribution of “low-low” and
“high-high” was small in the study area. Among them, the “low-low” area was principally
spread in the northern part of Guiyang City, where soil erosion and rock desertification
affected a large area. The “high-high” area mostly covered suburban or inner-city areas,
which were influenced by high intensity of human activities and urban green spaces

3.4. Spatial Zoning Results for Guiyang City

Based on the zoning scheme, the spatial zoning results of Guiyang city were obtained
and analysed from the whole region and county (district or city) scale (Figures 10 and 11).

Legend

B Core development zone
Moderate development zone
Habitat conservation zone

B Prohibited development zone

Figure 10. Spatial zoning results of Guiyang city.
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Figure 11. The proportion of different zones in the whole region and each county (district or city).

The moderate development zone was chiefly distributed in the periphery of the core
development zone and surrounded by the habitat conservation zone. This zone generally
accounted for 25.6% of the total area and the larger area covered Huaxi, Xiuwen, Xifeng,
Wudang, Qingzhen and Kaiyang. The HF was relatively high in the moderate develop-
ment zone, where the main land use types were principally construction land, agricultural
land and ecological land such as woodland and grassland. The moderate development
zone undertook the important tasks of regional grain production, industrial development
and provided reserve land resources for future urban sprawl.

From the whole region, the moderate development zone accounted for 25.6% of the
total area, which was mainly distributed in the periphery of the core development zone
and was surrounded by the habitat conservation zone, with larger areas distributed in
Huaxi, Xiuwen, Xifeng, Wudang, Qingzhen and Kaiyang. The HF was relatively high in
the moderate development zone, where the main land use types were mainly construction
land, agricultural land and a small amount of ecological land such as woodland and
grassland. The moderate development zone undertook the important tasks of regional
grain production, industrial development and provided reserve land resources for future
urban sprawl.

The habitat conservation zone had largest area, accounting for 40.8% of the total area,
and dominated the west and north of Guiyang city. At the county-level scale, Kaiyang,
Xifeng, Xiuwen and Qingzhen had large distribution, accounting for approximately 50% of
the area of these zones. Such zone was generally composed of shrub land, grassland and
other land types with high ecological value, which provided diverse ecosystem services.

The prohibited development zone accounting for 21.5% of the total area, was located
in the junction areas of county-level regions, and the largest distribution area dominated
Wudang, accounting for nearly 40% of the total area. Owing to rural areas, this area was oc-
cupied by forest land and rarely affected by human activities. In addition, waterbodies and
wetland, for instance Guanshanhu Lake, Hongfeng Lake and Huaxi River, had become an
important part of such zone, benefited from a series of strict measures for water protection.

4. Discussion
4.1. Effects of Human Activities on Habitat Quality

With the rapid development of globalization and urbanization, human footprint seems
to directly affect more than 77% of the earth’s surface except Antarctica [60]. Both status
and quality of ecosystem have been greatly damaged due to human activities and this
impact has been gradually increasing [61].
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The spatial diversities between social and economic development determine the
intensity of human influence on the regional natural environment, at the same time, HQ
has altered in response to customer demand [24]. During the past two decades, Guiyang
has gained remarkable achievements in economic and social development, for instance,
the population increasing from 3.718 million in 2000 to 5.987 million in 2020, the area of
construction land rising from 230 km? to 360 km?, and the GDP soaring from 26.48 billion
to 431.17 billion. Rapid urbanization occupied a large amount of cultivated land and
grassland, leading to the drop of HQ [62]. In addition, the improvement of road network
promoted the access to external trade, as well as the development of secondary and tertiary
industries, nevertheless, made it possible to exacerbate the anthropogenic disturbance to
ecosystem [56]. In this study, it is unveiled that more than 40% of the total area in Guiyang
city were affected by medium or higher HF, and this proportion was expanding. The area
with lowHF was less than 50% of the total area, dominating the southern regions, which
directly gave rise to poor HQ in Guiyang city. In terms of the spatial relationship between
HQ and HE, the areas with “low-high” type have constantly spread during the study period,
suggesting that human activity is increasingly damaging habitat quality in Guiyang city.

Although the incremental impact of human activities on ecosystem originates from
the demand for population growth, such as, food, residence and energy consumption [28],
numerous researches demonstrate that a series of policies for ecological protection have
produced markable performances to improve ecosystem [63,64]. For example, Li et al.
exposed that the implementation of ecological engineering projects and protection policies
in Tibet has resulted in human activities intensity decreased by 16.1% from 2000 to 2017 [65].
Chen et al. discussed that land use management can greatly improve the ecological
environment. The governments of China and India have significantly increased the global
green leaf area over the last decade or so through the restoration of forests and extensive
farmland cultivation [66]. In addition, Torres-Rojo et al. and Wang et al. have shown that
appropriate ecological measures can not only contribute to the improvement of the regional
ecological environment but also help to alleviate regional poverty problems [67,68]. Hence,
it is of great significance for governments at all levels to formulate appropriate strategies to
guide human activities and protect ecosystem.

4.2. Implications for the Development of Guiyang City

As the capital of Guizhou Province, Guiyang city has inevitably experienced urban
sprawl and population explosion, and thus the ecosystem must respond to these challenges.
However, owing to lack of opportune self-regulation, sustainable planning is essential to
support long-term development of ecosystem. According to the characteristics of HQ and
HF in various regions of Guiyang city, four categories of spatial zones were separated in
which differentiated strategies should be adopted. Different from rural areas, both the
green space and blue space, as the most fundamental elements in urban ecosystems, are
crucial to promote the integrity of ecosystems between urban and rural area, and improve
the quality of life for urban residents [69,70]. Benefiting from a mosaic of mountains,
waterbodies, woods and urban land, Guiyang has an innate advantage in optimizing the
urban ecosystem. In the process of optimization, it is critical to pay more attention to urban
green space in the core development zone. Accordingly, the projects of “management of
a hundred mountains” and “city of a thousand parks” in Guiyang, aiming to construct a
green space system in urban area with “mountains as the barrier, water as the pulse, roads
as the corridor, and gardens as the core”, have played an important role in enhancing the
amount of green space. Since the implementation of these projects, the per capita green
area of Guiyang city increased by 2 m?.

However, Guiyang is the core to advance Guizhou Province, and measures such as
improving infrastructure, expanding urban areas and absorbing population are an impor-
tant part of the strategy of “strengthening provincial capital” in 2021, but will undoubtedly
increase the pressure on the urban ecosystem. When land resources are insufficient for
urban sprawl, the moderate development zone can provide efficient space for urban sprawl
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while avoiding excessive encroachment on other lands. Nevertheless, it is noticeable that
there were a large amount of farmlands in the moderate development zone, and therefore
the measures for farmland protection should be proposed to ensuring food security [71].

As the barrier to prohibited development zones, appropriate policies and laws should
be established to reasonably protect the habitat conservation zone, and only the low
intensity of human activities should be allowed in these zone. There were a large amount
of rural settlements and agricultural lands in the habitat conservation zone, in that case,
agricultural development, tourism development and other activities should be carried out
without destroying the corresponding ecological functions [72]. In addition, the habitat
conservation zone were predominant in the northern part of Guiyang city, where the
ecosystem suffered from serious rocky desertification and soil erosion [73]. Therefore,
measures to control rocky desertification and soil erosion should be implemented in these
areas to reduce the habitat degradation.

The prohibited development zone was a type of the most important systems to main-
tain regional ecological security and provide habitat for wildlife. Similar to the prohibited
development zone in other countries in the world, the prohibited development zones of
Guiyang should be protected by strict policies and laws [41,74]. For example, the Huaxi
Wetland Park, Guanshanhu Park and Qianling Mountain Park provided superior habitats
for a large number of rare animals, and measures to prohibit from developing land and
hunting should be enforced in these areas. As Hongfeng Lake and Huaxi Reservoir were
important water sources in Guiyang, activities that may cause pollution should be forbid-
den in these areas, and severe penalties should be established to reduce these activities by
governments or organizations.

4.3. Limitations of Uncertainty and Future Recommended Work

Some limitations of this study should be noted here: (1) Due to the availability of data,
some indicators of human footprint were extracted from the data with low resolution, thus
affecting the value of HF. For instance, owing to lack of relatively high-resolution road
data, only the impact of trunk roads on human activities was used for this research and
the impact of the secondary roads was ignored. (2) Because the existing human footprint
indicators cannot include all human activities, the range and intensity of the human
footprint assessment was less accuracy than the actual situation. (3) Spatio-temporal
analysis of HQ and HF was limited to the past and lacks scenario prediction for the future.
Yet, the framework of this research can still serve as guidance for urban managers and may
shine some light for subsequent scholars to conduct research on human activities or habitat
quality.

In future studies, more attention should be given to data in order to obtain more
accurate results. In addition, indicators should be selected appropriately for the actual
situation in the study area to facilitate better use of research results. Related studies can
focus on future scenario projections and mechanism studies.

5. Conclusions

In this study, the HQ model of INVEST was used to measure the spatial patterns of
HQ in Guiyang city from 2000 to 2020, and the parameters were set based on the study
area. Moreover, a classical model for studying human activities, namely HFI, was used
to assess the spatial patterns of HF in Guiyang city from 2000 to 2020. According to the
results of HQ and HF, the bivariate local Moran’s I was applied to simulate the spatial and
temporal relationships between them and the four spatial zones, i.e., the core development
zone, the moderate development zone, the habitat conservation zone and the prohibited
development zone, were determined to guide the urban development of Guiyang city.

The results expressed that the values of HQ in Guiyang city during the past two
decades were primarily dominated by the moderately high and high grades, accounting for
more than 60% of the total area, and mostly located at the junctions among the county-level
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regions. The proportion of the low HQ area grew from 12.5% in 2000 to 18.5% in 2020,
which was triggered by the urban development.

Meanwhile, human activities in Guiyang city have changed dramatically, with the
percentage in area of low HF fell from 51.5% in 2000 to 46.7% in 2020, while the percentage
of high HF soared from 2% to 5.8%. The spatial distribution of HF in Guiyang city was
largely characterized by low values in the north and high values in the south, and some
areas of high-value were influenced by roads and show a band-like distribution.

Besides, the spatial correlation between HQ and HF in Guiyang city was significantly
negative from 2000 to 2020, with higher percentage in area of “low-high” and “high-low”
On the one hand, it was apparent that the spatial distribution of “low-high” spread from
the southern main urban area to the surrounding area, indicating that the impact of human
activities on the ecosystem has strengthened. On the other hand, the spatial distribution of
the “high-low” relationship expanded, espetially in Xiuwen, Xifeng, and Kaiyang, which
was stemmed from the improvement of ecosystem, such as returning farmland to forest
and controlling rock desertification.

Importantly, four spatial zones, that is, the core development zone, the moderate
development zone, the habitat conservation zone and the prohibited development zone,
were identified. The core development zone accounted for the smallest proportion, with
only 12.1% of the total area, and largely covered the southern area of Guiyang city. The
moderate development zone accounting for 25.6% of the total area, occupied most area of
Huaxi, Xiuwen, Xifeng, Wudang, Qingzhen and Kaiyang. The habitat conservation zone
accounting for 40.8% of the total area, was mainly scattered in the western and northern
parts of Guiyang. The prohibited development zone accounting for 21.5% dominated
the intersection areas of county-level regions. Corresponding development strategies
were proposed according to the characteristics of each zone to promote the sustainable
development of Guiyang city. For instance, it is critical to pay more attention to urban
green space in the core development zone. The moderate development zone is used to
provide space for urban sprawl while avoiding excessive encroachment on other lands
and protecting agricultural land. Appropriate policies and laws should be developed to
protect the habitat conservation zone and control rock desertification and soil erosion. The
prohibited development zone should be protected to reduce the impact of human activities
by strict policies and laws.
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