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Land ecological security plays an important role in the sustainable land resources utilization
and social economic development. In this study, the Pressure-State-Response (PSR)
model was constructed to measure the land ecological security pattern based on grids
scale of Jinan from 2006 to 2016. Then, Moran’s index was used to explore the spatial
autocorrelation of the land ecological security score. Finally, the driving factors of land
ecological security pattern differentiation in Jinan were revealed by using geographical
detector method. The results showed that the level of land ecological security in Jinan,
generally, decreased at the beginning and then gradually increased during the research
periods. More specifically, land ecological security was represented as a downward trend
in the central region and an upward trend in the southern mountainous area. The apparent
regional heterogeneity of land ecological security level in Jinan showed the overall
distribution pattern “low in the middle and high around” and the direction of urban
expansion consistent with the low-level land ecological security. Land ecological
security presented a significant spatial autocorrelation. The differentiation of land
ecological security pattern was mainly driven by social and economic development
factors, among which urban expansion was most important, so urban development
should try to avoid occupying those areas with high level of land ecological security.
From the study, the valuable information could be provided in the improvement of land
ecosystem environment and in the facilitation of sustainable development.
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1 INTRODUCTION

Land is the material basis for the survival and development of human society and the basic premise
for the healthy development of an ecosystem (Zhang et al., 2007; Wu et al., 2019a; Liu et al., 2020).
With the acceleration of industrialization and urbanization, human demand for land is increasing
(Chen, 2007; Long et al., 2012; Wu and Zhang, 2012). Unreasonable land use not only makes more
apparent the contradiction between increasing population and land use, but it also causes a series of
ecological problems (Kim et al., 2009; Nunes et al., 2011). With the ecological problems attracting
broad attention by the government, ecological security has gradually become a hot topic in the
international ecological environment research field and a new theme of the sustainable development
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of the human economy and society (Steffen et al., 2015).
Numerous studies have been carried out worldwide and a
series of significant developments have been achieved (Yang
et al., 2018).

The concept of land ecological security originates from
ecological security, representing the health of environment and
sustainability of land resources and ecosystems, which can
provide steady ecological services and meet ecological needs
for future generations (Wen et al., 2021). Studies have shown
that land use can greatly influence the regional environment and
ecosystem services, and land ecological security is important to
the ecosystem (Liu et al., 2019b; Wu et al., 2019b). Especially with
the rapid increase of population, the excessive pursuit of
economic benefits of land use has destroyed the land ecology
to a certain extent. Conversely, land ecological destruction has
increasingly restricted human social and economic activities, and
reduced land sustainability. At present, many regions are in a
critical period of ecological environment quality transformation
(Cohen, 2006). As the capital of Shandong, Jinan is in the stage of
rapid urbanization and is faced with considerable discussion on
land use and ecological environmental protection (Qi et al., 2020;
Liu et al., 2021a). The systematic evaluation and analysis of land
ecological security and its influencing factors have important
significance for ecological civilization construction and high-
quality social economic development in Jinan.

In recent years, land ecological security has attracted much
attention (Yan et al., 2015; Feng et al., 2018; Guo et al., 2021).
From the research content, scholars mainly carry out land
ecological security evaluation from different research scales,
indexes, and methods (Li et al., 2014; Li et al., 2019a; Liu et al.,
2019a; Yang and Cai, 2020). Research scales are generally
divided into time scale and space scale. The time scale includes
static and dynamic. The spatial scale is mainly concentrated
on provinces, cities, counties, a few important economic
zones, and watersheds. The evaluation indexes of land
ecological security are mainly constructed by Pressure-
State-Response (PSR), Economy-Environment-Society, and
Driving Force-Pressure-State-Impact-Response (DPSIR)
(Wolfslehner and Vacik, 2008; Sekovski et al., 2012;
Geissdoerfer et al., 2017). The evaluation methods mainly
include the comprehensive index method, matter element
model, gray correlation method, ecological footprint
method, TOPSIS method, etc. (Behzadian et al., 2012; Gong
et al., 2012; Li et al., 2019b; Ma et al., 2019; Seyedmohammadi
et al., 2019). The existing research has enriched the research
content of land ecological security and promoted the process
of ecological civilization construction. However, the current
research mainly focuses on large-scale regions (city and
country), and it is difficult to accurately express the
evaluation results. It is imperative to analyze the land
ecological security based on a spatial scale of grids. Besides,
the difficulty of existing evaluation index in adapting to the
regional characteristics of the study area will cause poor
management of specific land. In addition, the core of land
ecological security lies in effective identification of key
influencing factors which include such factors as social-
economic development and human activities that tend to

be ignored in previous studies, and thus should be given a
comprehensive consideration.

From what has been discussed above, this study analyzed the
spatiotemporal differentiation of land ecological security and its
influencing factors based onmulti-source data in Jinan from 2006
to 2016. The evaluation index system was established at the
beginning by the use of the PSR model reflecting the
interaction mechanisms between the natural and the social
ecosystem. Then, land ecological security was evaluated based
on 1 km*1 km grids determining the index weights by the entropy
weight and analytic hierarchy process (AHP) method, and the
spatiotemporal pattern was analyzed thoroughly. Finally, the
geographical detector method was employed to identify the
dominant factors influencing the spatial differentiation of land
ecological security from four aspects. The results can provide
meaningful insights for sustainable land use and sustainable
urban development, and facilitate decision-makers to
formulate refined optimization countermeasures. The
objectives of this study were (1) to evaluate the land ecological
security and analyze the spatiotemporal pattern in Jinan; and (2)
to investigate the influencing factors driving the spatial
differentiation of land ecological security.

2 MATERIALS AND METHODS

2.1 Study Area
Jinan, located in the middle of the Shandong province in China,
stands at the edge of a foothill and an alluvial plain with high
topography in the south and low topography in the north
(Figure 1). Its location close to the mountain Tai in the south
and the Yellow River in the northmakes the city vital to ecological
environmental protection. Because of the “72 famous springs,” it
also has the reputation as a “Spring City.”Meanwhile, it is one of
the central cities in the south of Bohai Rim and the middle and
lower reaches of the Yellow River.

2.2 Data Source
The data is divided into land spatial statistics and socio-economic
statistics. The land spatial statistics obtained from the Jinan Land
Resources Department and other relevant departments, include
current land utilization statistics, land use annual alteration
investigation statistics, investigation achievement of cultivated
land backup resources, capital farmland delimitation, ecological
function delimitation, biodiversity conservation, and ecological
conservation district data. The socio-economic data was collected
from Jinan Statistical Yearbook (for 2007, 2012, and 2017), the
environmental collection bulletin, and the 13th Five-Year-Plan
forestation development strategy. Through recalculation, the data
is recalculated into 8460 grids (1 km*1 km).

2.3 Methodology
2.3.1 Establishment of PSR Model Index System
The study, based on the PSR model, selected 24 indicators to
construct the land ecological security evaluation index system in
Jinan (Table 1). Among the system, the direct influences on the
land ecological security exerted by different utilization patterns
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can be reflected by the project “Pressure,” from which the indexes
were constructed from seven indicators: population density,
population growth rate, per cultivated land chemical fertilizer,
per cultivated land pesticide, proportion of aline-alkali soil,
urbanization rate, and proportion of construction land. The

project “State” indicated the current situation or future
tendency of the target, containing ten indicators for the
construction of the indexes: per capita cultivated land, per
capita land resource backup, proportion of transportation
land, forest coverage rate, proportion of water area, proportion

FIGURE 1 | Study area.

TABLE 1 | Land ecological security assessment indexes in Jinan.

Target Project Factor Index Scale Attribute Reference

Land ecological security Pressure Population Population density County/District Negative Ma et al. (2019)
Population growth rate County/District Negative Gao et al. (2018)

Land Per cultivated land chemical fertilizer County/District Negative Ma et al. (2019)
Per cultivated land pesticide County/District Negative Li et al. (2019a)
Proportion of aline-alkali soil Grid Negative Chen et al. (2019)

City Urbanization rate County/District Negative Liu et al. (2019a)
Proportion of construction land Grid Negative Wen et al. (2021)

State Resource Per capita cultivated land Grid Positive Ma et al. (2019)
Per capita land resource backup Grid Positive Li et al. (2019a)
Proportion of transportation land Grid Negative Liu et al. (2019a)

Ecology The forest coverage rate Grid Positive Li et al. (2020)
Proportion of water area Grid Positive Wu et al. (2019a)
Proportion of grassland Grid Positive Feng et al. (2017)
Spring group distribution Grid Positive Yang et al. (2021)

Economy Yield per area under crops County/District Positive Ma et al. (2019)
Per capita GDP County/District Negative Feng et al. (2017)
Economic density County/District Negative Ma et al. (2019)

Response Environment Proportion of environment protection investment in GDP County/District Positive Li et al. (2019a)
Carbon emission per billion yuan in GDP County/District Negative Feng et al. (2018)

Policy Proportion of forestation Grid Positive Chen et al. (2019)
Effective irrigation area County/District Positive Gong et al. (2012)
Natural reserve Grid Positive Liu et al. (2019a)

Industry Proportion of primary industry in GDP County/District Positive Su et al., 2011
Proportion of tertiary industry in GDP County/District Positive Wen et al. (2021)
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of grassland, spring group distribution, yield per area under
crops, per capita GDP, and economic density. “Response,”
another project in the system, representing the efforts made in
environmental rehabilitation and adjustments, included seven
more indicators to construct the indexes: proportion of
environmental protection investment in GDP, carbon emission
per billion yuan in GDP, proportion of forestation, effective
irrigation area, natural reserve, proportion of primary industry
in GDP, and proportion of tertiary industry in GDP. On the
whole, the PSR model reflects the integration of nature, society,
and human beings.

2.3.2 Standardization of the Index
Given the great dimensional variations between different
indicators, we performed logarithmic transformation and
standardized all evaluation indicators within each grid cell. In
total, 13 positive indicators and 11 negative indicators were
established considering the impact of each indicator on land
ecological security. The formulas for standardization were
indicated below (Zhang et al., 2017).

Positive index : Xij �
xij −min(xij)

max(xij) −min(xij)
+ 1 (1)

Negative index : Xij �
max(xij) − xij

max(xij) −min(xij)
+ 1 (2)

where Xij represents the realistic value of the jth indicator in the
ith grid cell;Xij represents the standardized value ofXij;min(xij)
andmin(xij) represent the minimum and maximum value ofXij.

2.3.3 Determination of Weights
The determination of weight plays a very important role in multi-
index comprehensive evaluation. The methods of weight
determination can be divided into subjective and objective.

The main methods of subjective evaluation include Delphi,
cycle score, AHP, and empirical estimation (Okoli and
Pawlowski, 2004; Geist, 2010). The main methods of objective
evaluation include factor analysis, cluster analysis, principal
component analysis, and entropy weight method (Blashfield
and Aldenderfer, 1978; Lansangan and Barrios, 2009; Li et al.,
2010; Liu et al., 2021b). Subjective methods are easily limited and
influenced by the judge’s own conditions while objective methods
cannot flexibly add the experience of experts. Therefore, this
study usesd entropy weight method and AHP to determine the
index weight so as to establish a scientific and reasonable index
weight system (Figure 2). The formula of compound weight is
shown in formula 3. The calculation results of compound weight
were as follows (Table 2).

Wi � αpSi + (1 − α)pOi (3)
where Si represents the subjective weight of the ith indicator; Oi

represents the objective weight of the ith indicator;Wi represents
the compound weight of the ith indicator; and α is the balance
coefficient of the two methods.

The result was based on the principle that the single score of
each grid cell was calculated by multiplying the standardized data
with the corresponding weight. Then, we added up all the scores
of each indicator so as to get the results of land ecological security.
The equation for this formulation was indicated below.

LES � ∑
n

i�1
SipWi (4)

where LES represents the final result of land ecological security in
each grid cell; Si represents the security index of the ith indicator;
and Wi represents the weight of the corresponding indicator.
Higher LES values indicated better land ecological secure
conditions in the area.

2.3.4 Classification of Land Ecological Security
In order to make the overall characteristics of land ecological
security more prominent, the Jenks Natural Breaks method
was used to classify the regional types (Feng et al., 2017; Liu
et al., 2019a). The result further showed that the land
ecological security of Jinan was divided into five levels:
Secure (I), Sub-secure (II), Moderate (III), Sensitive (IV),
and Severe (V) (Table 3).

2.3.5 Spatial Autocorrelation Analysis
Exploratory spatial data analysis was performed to quantify
spatial heterogeneity, detect spatial autocorrelation patterns,
and identify clusters of similar incidence and outliers (Oom
and Pereira, 2013). Spatial autocorrelation analysis consists of
global and local spatial autocorrelation. Global spatial
autocorrelation can be observed by the global Moran’s I
statistic. However, the global statistic gives a measure of
overall clustering but it is still under investigation as well in
the location of clusters or outliers or the type of spatial
correlation that may exist in the data. Therefore, a detailed
characterization of the clustering characteristics of the land
ecological security was conducted by local indicators of spatial

FIGURE 2 | Flow chart of weight determination.
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autocorrelation (LISA) and Moran scatterplots. The formulas
were indicated below.

Moran’s I � ∑n
i�1∑

n
j�1wij(xi − u)(xj − u)

∑n
i�1∑

n
j�1wij × 1

n∑
n
i�1(xi − u) (5)

LocalMoran’s I � (xi − u)
S2

∑
n

j�1
wij(xj − u) (6)

S2 � 1
n
∑
n

i

(xi − u)2 (7)

u � 1
n
∑
n

i�1
xi (8)

where n represents the number of all grid cells; Xi and Xj
represents the observation of location i and j, respectively; Wij
represents the element of the spatial weights matrix w
corresponding to the observation pair (i,j), and represents the

component that incorporates “space.” The scores of both indexes
range from −1 to 1, but Moran’s I demonstrate that the positive
mean grid cells with similar values cluster together, as well as the
negative means grid cells with dissimilar values. The nature of
spatial association can be categorized into four types: “High-
High” (I, first quadrant) and “Low-Low” (III, third quadrant)
with spatial cluster of similar grid cells; “Low-High” (II, second
quadrant) and “High-Low” (IV, fourth quadrant) with spatial
cluster of dissimilar grid cells.

2.3.6 Geographical Detector Analysis
Geographical detector is a statistical method to detect spatial
differentiation and reveal the driving factors behind it (Yang et al.,
2019; Zhu et al., 2020). There are spatial differences in land
ecological security which is affected by many factors. For an
illustrative purpose, this study quantitatively explored the
dominant factors driving the spatial differentiation of land

TABLE 2 | Land ecological security assessment weights in Jinan.

Index Entropy AHP Compound

Population density 0.0085 0.0138 0.0125
Population growth rate 0.0652 0.0035 0.0210
Per cultivated land chemical fertilizer 0.0364 0.0171 0.0104
Per cultivated land pesticide 0.0222 0.0065 0.0182
Proportion of aline-alkali soil 0.0010 0.2906 0.0258
Urbanization rate 0.0262 0.0218 0.0077
Proportion of construction land 0.0239 0.0449 0.0616
Per capita cultivated land 0.0455 0.1061 0.0495
Per capita land resource backup 0.0793 0.0446 0.0307
Proportion of transportation land 0.0005 0.0971 0.0212
The forest coverage rate 0.0341 0.0499 0.1418
Proportion of water area 0.0131 0.0871 0.1001
Proportion of grassland 0.0007 0.0140 0.1201
Spring group distribution 0.1494 0.0274 0.1301
Yield per area under crops 0.0399 0.0609 0.0141
Per capita GDP 0.0363 0.0200 0.0119
Economic density 0.0071 0.0066 0.0064
Proportion of environment protection investment in GDP 0.0559 0.0162 0.0197
Carbon emission per billion yuan in GDP 0.0860 0.0040 0.0187
Proportion of forestation 0.0571 0.0410 0.0127
Effective irrigation area 0.0708 0.0050 0.0116
Natural reserve 0.0074 0.0111 0.1125
Proportion of primary industry in GDP 0.0645 0.0072 0.0196
Proportion of tertiary industry in GDP 0.0689 0.0036 0.0220

TABLE 3 | Land ecological security classification.

Level Value Characteristics of the ecosystem

Secure (I) 1.42–2 The land ecosystem service function is perfect and the structure is complete; the ecological environment is very good, and
there are basically no ecological problems

Sub-secure (II) 1.34–1.42 The function of the ecosystem is well-protected; could rehabilitate itself naturally if damaged; no distinct ecological problems
Moderate (III) 1.27–1.34 The function of land ecosystem starts degenerating; its structure changed slightly but still can maintain its fundamental

function; easy to deteriorate but still easy to restore
Sensitive (IV) 1.22–1.27 Half of the service function land ecosystem has been invalidated; the environment and structure of the ecosystem are

seriously damaged; hard to be rehabilitated and restored
Severe (V) 1–1.22 The service function of land ecosystem is basically lost; ecological environment is severely deteriorating; the structure of the

ecosystem has been substantially damaged; very difficult to be rehabilitated and restored
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ecological security level by using the geographical detector in
different periods. In this method, the larger the q-statistic, the
stronger the explanatory power of the factor. The q-statistic
ranges from 0 to 1. The calculation formula was as follows:

q � 1 − 1
Nσ2

∑
L

h�1
Nhσ

2
h (9)

where h represents the classes of variables; N and Nh represent
the number of grid cells within the entire region and subregion h,
respectively; σ2 and σ2h represent the variances of the entire region
and subregion h, respectively.

3 RESULTS

3.1 Variation of Land Ecological Security
Structure
In 2006, moderate and sub-secure regions covered an area of
4,054.39 km2, accounting for over half of the study area
(Figure 3). Specifically, moderate security areas added up to
2,039.35 km2 taking the largest proportion of the entire city
(i.e., 25.5%); what’s more, sub-secure areas added up to
2,015.04 km2 accounting for 25.19%. In 2011, the area of
moderate security area reached 2231.19 km2, accounting for
27.89% of the total area and followed by sensitive area,
accounting for 24.90%. Both of the two areas respectively
increased by 9.41 and 52.78% compared to 2006. However,
secure areas covered an area of 1,050.79 km2, decreasing by
35.79% from 2006. Sub-secure and severe areas covered about
1,758.75 and 966.31 km2 respectively, accounting for 21.99 and
12.08% of the total area, decreasing by 12.72 and 3.77%,
respectively. On the whole view, the land ecological security of
Jinan decreased from 2006 to 2011. Specifically, levels of secure
and sub-secure areas were converted into moderate and sensitive
areas while some scattered instances of severe areas were
converted to sensitive.

In 2016, secure areas added up to 1,219.03 km2, increasing by
16.01% from 2011. Sub-secure areas covered about 1,832.13 km2

accounting for 22.91% of the total area, and increasing by 4.17%
from 2011. Moderate areas added up to 3,220.01 km2 and

accounted for 40.26% of the total area, increasing by 44.32%
from 2011. Sensitive and severe areas covered 1,159.82 and
567.76 km2 accounting for 14.50 and 7.10%, decreasing by
41.77 and 41.24% respectively compared to 2011. The results
show that the overall condition of land ecological security has
improved from 2011. All these changes are benefited from Jinan’s
great emphasis on environmental protection. The awareness of
environmental protection has been widely publicized among the
people and heavily polluted industries have been forced to move
outside of the middle region of Jinan. Furthermore, since the
establishment of 12th Five-Year Plan of China, the local
government worked hard in upgrading the tertiary industry as
the predominant so as to improve the land ecological security.

3.2 Analysis of Spatiotemporal Pattern
The land ecological security of Jinan has continuously changed
with the development and construction of the city. The land
ecological security of Jinan was characteristically low in the
middle, but relatively high in the surrounding areas. The
ecological security in the middle region was overwhelmingly
negative categorized at the severe level. In contrast, the east,
west, south, and north regions were categorized in a positive
ecological condition. This was because most construction had
been concentrated in the middle region, which is the political,
economic, and cultural center of Jinan.

In 2006, the situation of land ecological security was better in
Jinan, and the main types were moderate and sub-secure
(Figure 4A). The levels of land ecological security varied from
different regions. More specifically, land ecological security in the
central regions (Lixia, Shizhong, Huaiyin, Tianqiao, and the
north of Licheng) was represented as severe and sensitive,
influenced by the high population density, high urbanization
rate, and almost full load of land carrying capacity. Land
ecological security was represented as secure and sub-secure in
the southern regions (the south of Licheng, Zhangqiu, and
Changqing) due to the regions’ status as the ecological
conservation area where the forests and water area were
widely distributed and human activities were very little. In the
middle and north of Jiyang and Zhangqiu, land ecological was
mainly represented as moderate and sensitive, which could be
because the development of secondary and tertiary industries led
to many human activities in the region, seriously interfering with
the ecological environment. The land ecological security was
represented as sensitive in the middle and west of Changqing
and the middle and north of Pingyin. In a word, the rapid
development in the region may cause a negative ecological
security situation.

In 2011, the overall land ecological security of Jinan worsened
(Figures 4B). The ecological security of the north exhibited a
mostly moderate pattern. In particular, the general ecological
security of Shanghe decreased. In contrast, the land ecological
security of Jiyang improved with fewer areas categorized as
sensitive or severe. Decision-makers in the Jiyang strengthened
controls on environmental governance, increased the
environmental protection investment, shut down heavily
polluting industries, and reduced carbon emission gradually to
improve the ecological condition. The land ecological security of

FIGURE 3 | Areas of land ecological security levels in Jinan from 2006
to 2016.
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the south also deteriorated. Specifically, the ecological effect in the
fringe of the area weakened with fewer areas classified as secure
and moderate. The land ecological security of the east also
deteriorated, with a wide occurrence of sensitive areas. The
ecological condition of the middle of Zhangqiu worsened
because of the rapid development of the secondary industries,
in conjunction with little environmental investment. Conversely,
the south of Zhangqiu was in a better ecological condition,
possessing more water area and woodlands. Furthermore, the
ecological condition of the west seriously declined due to the
rapid development of secondary and tertiary industries resulting
in a decrease of per capita cultivated land and increase of
transportation land.

In 2016, areas classified as Severe dropped in the middle region
of Jinan and were converted to Sensitive, especially in the north of
the Licheng (Figure 4C). This trend was also observed in the
Tianqiao and Shizhong. The overall ecological condition
improved as demonstrated by Shanghe. The area with land
ecological security represented as moderate in the middle
region changed distinctly and then converted into a
considerable proportion of sub-secure areas, which was due to
a rapid increase in environmental protection investment,
predominant development of the tertiary industry, and
allocating more resources for afforestation to improve
ecological security. The improvement of land ecological
security in the east of Jinan City was attributed to the
implementation of Zhangqiu’s policy of not sacrificing nature
reserves and reducing carbon emission. At the same time, the
strict management measures also improved land ecological
security in the south of Jinan. The areas characterized as
sensitive decreased by 87.78% and the areas characterized as
moderate increased in the west of Jinan.

Generally speaking, the spatial difference of land ecological
security in Jinan was obvious. The level of ecological security in
the central built-up area was low. In recent years, the areas with
land ecological security represented as severe continues to
increase, and the scope of increase is basically consistent with
the direction of urban expansion. Due to the underdevelopment
of the area, the southern ecological conservation area was of great
significance to maintain the ecological balance. As it is difficult to

recover from the damage, the area was a key area for
strengthening control. The situation of land ecological security
in Jiyang, northern Zhangqiu, and western Changqing was poor,
while it in the south of Shanghe and Pingyin was good.
Urbanization not only improved people’s living standards but
also caused the incomplete structure and irreversible function of
regional land ecosystem. Coordinating the relationship between
economic development and ecological protection, strengthening
the supervision of key ecological protection areas will significantly
improve the level of land ecological security in Jinan.

3.3 Exploration of Spatial Agglomeration
Characteristics
The weight matrix based on a spatial distance relationship was
established by employing the data from the evaluation results of
land ecological security in 2006, 2011, and 2016. Applying the
Global Moran’s index method, the Moran’s I index of the
comprehensive value of land ecological security of Jinan was
computed, after which the values were visualized in scatter plots.
In said plots, the X-axis represents the observational value
(i.e., standardization), and the Y-axis represents the weighted
mean of the values surrounding the observational value
(Figure 5).

The Moran’s I values of land ecological security were 0.879,
0.847, and 0.886 in 2006, 2011, and 2016, respectively, and its
statistical significance was tested via the Monte Carlo simulation
method. The result indicated a significant spatial autocorrelation
(p < 0.01), confirming a distinct global positive spatial correlation
within the land ecological security of Jinan, illustrating continuity
and dependency between the 1 km × 1 km grid cells. Regions with
similar land ecological security conditions tended to cluster
together. Moran’s I decreased from 2006 to 2011, indicating a
weakening correlation between the level of land ecological
security and spatial distribution, thus resulting in polarization
and stronger local autocorrelation. However, Moran’s I increased
from 2011 to 2016, and correlations strengthened once again.

Taken together, the spatial association was classified as
“High-High” (H-H) and “Low-Low” (L-L) for clusters of
similar grid cells, while “Low-High” (L-H) and “High-Low”

FIGURE 4 | Land ecological security of Jinan from 2006 to 2016. (A–C) represent the results in 2006, 2011 and 2016.
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(H-L) for clusters of dissimilar grid cells. The H-H
classification represents grid cells with values as high as the
surrounding cells. This type of grid cells was mainly observed
in the southeast of the Changqing district, the south of
Licheng district, the middle of Zhangqiu district, as well as
the southwest of Pinyin county (Figure 6). These observations
corresponded with the land ecological security conditions
discussed above, indicating that areas of high ecological
security conditions were often classified as H-H. From
2006 to 2016, the number of H-H areas in the south
Licheng district decreased consistently, and so did the
number of secure-level areas. It is mainly because of the
fast development of tourism, more and more human
activities increased the incidence of natural hazards, thus
resulting in a more vulnerable ecosystem. In contrast, the
number of H-H type areas increased in the Zhangqiu district
since 2011, which was consistent with improvements in
Zhangqiu district’s ecological condition. This was
attributed to the intervention of decisions makers, leading
to more resource allocation and attention to environmental
protection and sustainable economic development.

L-L type areas represent regions where the values were as low
as the surrounding ones. This type of grid cells was mainly
observed in Shizhong, Lixia, Huaiyin, Tianqiao, and the east of
the Licheng district. L-L type areas often corresponded with areas
of severe land ecological security condition. Changes could be
observed from 2006 to 2016. For instance, there was an inversion
in the number of L-L type areas from 2006 to 2011, after which a
large proportion of L-L type areas reemerged from 2011 to 2016.
Both trends were observed within the Jiyang district. H-L type
and L-H type areas represented a very small proportion of the
study area, mostly interspersed in the periphery of H-H type and
L-L type areas. Also, a large proportion of non-significant areas
was observed mostly in the Shanghe and Pinyin counties, and
most of the Zhangqiu district.

3.4 Identification of Influencing Factors
The spatial differentiation of land ecological security is affected by
many factors. For that reason, it is of great significance to identify the
main driving factors for the formulation of regional refine control
measures. The results were shown inTable 4. At the significance level
of 1%, the factor with q-statistic greater than 0.25 was selected as the

FIGURE 5 |Scatter plot of Global Moran’s index derived from Jinan’s land ecological security in different years. (A–C) represent the results in 2006, 2011 and 2016.

FIGURE 6 | Spatial correlation of land ecological security condition in different years. (A–C) represent the results in 2006, 2011 and 2016.

Frontiers in Environmental Science | www.frontiersin.org February 2022 | Volume 10 | Article 8242548

Liu et al. Land Ecological Security

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


dominant factor. Themain driving factors corresponding to different
time points are also changing. The main influencing factors in 2006
were the proportion of construction land and forest coverage. The
main factors in 2011 were the proportion of construction land,
economic density, agricultural economic added value, proportion
of tertiary industry, fertilizer application per unit of cultivated land,
and urbanization rate. The main factors in 2016 were the proportion
of construction land, carbon emissions per billion yuan of GDP, per
capita land reserve resources, agricultural economic value added,
urbanization rate, per capita cultivated land area, forest coverage,
population density, and pesticide application per unit of
cultivated land.

There is a great correlation between resource and environment
stress level and land ecological security. The increasing q value of
population density indicated that the influence of population on the
differentiation of land ecological security was increasing. In contrast,
the q value of natural population growth rate was decreasing, which
indicated that its influence was gradually weakening. Compared with
2006, the q value of chemical fertilizer and pesticide application per
unit cultivated land increased in 2016. Cultivated land played an
increasingly important role inmaintaining the structure and function
balance of the ecosystem. The change of population development
level also had a great impact on land ecological status. Especially in
recent years, the consumption of resources has been increasing for the
rapid increase of population in the central area of Jinan.

Ecological governance is of great significance to alleviate the
pressure of land ecological security and maintain the state of
ecological security. In the study periods, the q values of the
proportion of environmental protection investment in GDP were
0.100, 0.171, and 0.221, respectively. The q values of carbon
emissions per billion yuan GDP were 0.165, 0.249, and 0.330,

respectively. Their continuous growth indicated that the impact
of economic and industrial structure transformation on land
ecological security differentiation was increasing. Take Shanghe as
an example; its proportion of environmental protection investment
in GDP increased, and the level of land ecological security in the
region improved significantly. Compared with 2006, the q values of
ecological protection area, proportion of ecological afforestation
area, and effective irrigation area decreased in 2016, which
indicated that their impact on the spatial differentiation of land
ecological security was weakened.

The influence degree of resource endowment factors on the spatial
differentiation of land ecological security is different. The strongest
explanatory factor was forest coverage. The q values were 0.439,
0.231, and 0.288, respectively, which indicated that the impact of this
factor on land ecological security was weakened. The ecological status
of areas with high forest coverage, such as the south of Licheng and
the southeast of Changqing, was better.

The level of social and economic development has the strongest
explanation for the spatial differentiation of land ecological security.
During the study periods, the proportion of construction land had the
greatest impact on land ecological security and its q values were 0.560,
0.606, and 0.614, respectively. The expansion of construction land has
changed the structure of land cover and land ecosystem. The q values
of agricultural economic added value and urbanization rate increased
continuously, which showed that the explanatory power was
increasing. The q values of per capita GDP were 0.168, 0.229, and
0.125, respectively. The q values of the proportion of the tertiary
industry were 0.191, 0.260, and 0.180, respectively. The q values of
economic density were 0.213, 0.289, and 0.174, respectively. The
explanation degree of these three factors to spatial heterogeneity
showed the characteristics of first increasing and then decreasing.

TABLE 4 | Geographical detector factors of land ecological security in Jinan from 2006 to 2016.

Factor category Impact factors q (2006) q (2011) q (2016)

Stress level of resources and environment Population density 0.232 0.248 0.286
Natural population growth rate 0.230 0.200 0.171
Application amount of chemical fertilizer per unit land 0.076 0.258 0.084
Application amount of pesticide per unit land 0.127 0.117 0.255

Ecological governance efforts Proportion of environmental protection investment in GDP 0.100 0.171 0.221
Carbon emissions per billion yuan of GDP 0.165 0.249 0.330
Ecological protection area 0.127 0.098 0.104
Proportion of ecological afforestation area 0.222 0.168 0.173
Effective irrigation area 0.207 0.217 0.185

Resource endowment Forest coverage 0.439 0.231 0.288
Proportion of grassland area 0.001 0.100 0.157
Distribution of spring group 0.049 0.006 0.013
Specific gravity of saline alkali land 0.001 0.018 0.002
Proportion of water area 0.042 0.039 0.025
Grain yield per unit area 0.063 0.112 0.147
Per capita cultivated land area 0.213 0.246 0.290
Per capita land reserve resources 0.187 0.143 0.322

Social and economic development level Agricultural economic added value 0.224 0.287 0.321
Proportion of tertiary industry 0.191 0.260 0.180
Economic density 0.213 0.289 0.174
Proportion of construction land 0.560 0.606 0.614
Urbanization rate 0.213 0.251 0.294
Per capita GDP 0.168 0.229 0.125
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4 DISCUSSION

Land ecological security plays an important role in regional socio-
economic development and ecological environment protection.
The land ecological security level was evaluated and the
spatiotemporal differentiation was analyzed in Jinan from 2006
to 2016. Results showed that the land ecological security decreased
first and then increased, and the level was improved in 2016
compared with those in previous years. This finding was
consistent with many studies which the land ecological security
was also presented as an upward trend in general (Hu et al., 2019;
Yang et al., 2021). This is closely related to China’s recent emphasis
on ecological and environmental protection. Meanwhile, obvious
spatial differentiation of land ecological security within Jinan was
found in our study. In fact, land ecological security has also been
reported to show regional characteristics (Wen et al., 2021). Taking
Jinan as an example, to study its land ecological security is not only
conducive to the proposal of land optimization countermeasures
but also conducive to alleviate the land contradiction in Jinan and
improve the path of urban sustainable development. At the same
time, it also provides a practical reference for the research of other
cities.

The relationship between land ecological security and influencing
factors is very complicated (Feng et al., 2018). In our study, the social
and economic development, especially the construction land
proportion, was found to have more explanatory power on land
ecological security differentiation than other factors. Related studies
also indicated that human activities have significant impact on
regional land ecological security over natural factors (Yang et al.,
2020; Wen et al., 2021). In addition, the results of this study also
showed that the main driving factors were different at different time
points. In 2006, resource endowment and socio-economic
development level had the greatest impact on land ecological
security differentiation. In 2011, the level of social and economic
development restricted the improvement of land ecological security.
In 2016, the spatial differentiation of land ecological security was
largely explained by the intensity of ecological governance, the level of
population development and the level of social and economic
development. Therefore, only by formulating corresponding land
ecological security optimization schemes at different times can we
better serve urban sustainable development. Only by paying attention
to the image of human activities on land ecological security can we
realize the win-win situation of regional ecological protection and
economic and social development.

Based on the grid scale, the spatial and temporal distribution
pattern and driving factors of land ecological security in Jinan were
analyzed, which further detailed the characteristics of regional land
ecological security structure. However, due to the influence of data
acquisition, the index system constructed failed to consider the
regional ecological protection policy, public ecological cognition
level, and other factors. Meanwhile, it is necessary to continually
explore how to better realize the fusion of data at different scales,
especially the rasterization of social-economic data to improve the
research accuracy. In addition, although this study explored the
driving factors of urban land ecological security, it failed to consider
the interaction among the factors. These problems will be the
important direction of future research, and multi-methods could

be combined to better reveal the interactions between land ecological
security and influencing factors.

5 CONCLUSION

Taking the grid as the evaluation unit, this study analyzed the
spatiotemporal evolution characteristics and spatial
differentiation law of land ecological security of Jinan in
different years. The main conclusions are as follows:

(1) The level of land ecological security decreased first and then
gradually increased from 2006 to 2016 in Jinan. Among
them, the security level in the central region showed a
downward trend, and gradually improved in the southern
mountainous area.

(2) There was obvious heterogeneity of land ecological security
level in Jinan. The overall distribution pattern was “low in the
middle and high around.” The direction of urban expansion
was consistent with the low-level land ecological security.

(3) There was a distinct global spatial positive correlation within
the land ecological security. Roughly 15% of the surface of
Jinan had low-value agglomeration, whereas roughly 17%
exhibited high-value agglomeration. In addition, distribution
patterns matched spatial agglomeration characteristics.

(4) There were differences in the driving factors of spatial
differentiation of land ecological security in Jinan.
Generally, the explanatory power of the level of social and
economic development on the spatial differentiation of land
ecological security was higher than other factors. Among
them, the construction land proportion had the strongest
explanatory power. Urban development should try to avoid
occupying areas with high level of land ecological security.
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