o ey z
<@ sustainability ﬂw\p\py

Article

Elevated Risk of Ecological Land and Underlying
Factors Associated with Rapid Urbanization and
Overprotected Agriculture in Northeast China

Shuhan Liu !, Dongyan Wang 2, Guoping Lei '*, Hong Li > and Wenbo Li 2

1 Institute of Land Management, Northeastern University, 195 Chuangxin Road, Shenyang 110169, China;

liushuhan@wfxy.neu.edu.cn

2 College of Earth Sciences, Jilin University, 2199 Jianshe Street, Changchun 130061, China;
wang_dy@jlu.edu.cn (D.W.); h_li@jlu.edu.cn (H.L.); wb_li@jlu.edu.cn (W.L.)

*  Correspondence: leiguoping@mail.neu.edu.cn; Tel.: +86-024-8369-0340

Received: 23 September 2019; Accepted: 4 November 2019; Published: 6 November 2019 ﬁr;,e;gtfeosr

Abstract: Ecological land with considerable ecological value can be regarded as an important indicator
in guaranteeing ecosystem function and sustainable development. Generally, the urbanization process
has been considered to be the primary factor affecting ecological land use. However, the influence
of agricultural development, particularly in a typical farming area, has rarely been studied. In this
paper, we present a method to assess the ecological risk of ecological land (ELER) in a black soil area
in northeastern China. Furthermore, the underlying factors were detected using the geographically
weighted regression model, which took into account conditions of natural elements, the urbanization
process, and grain production conditions. The results indicate that ecological land experienced
remarkable changes with an evident loss and decline from 1996-2015. The ELER progressively
increased in the concentrated farming area and the western agro-pastoral ecotone, and the ecological
land in the eastern forest area was always at a high risk level. According to the regression coefficients,
the relationships between influence factors and ELER could be better explained by the variables of
elevation, slope, proportion of rural residential area, and ratio of cultivated land area to residential
area. To summarize, agricultural occupation and urban expansion were verified as the two main
causes of ecological land loss, as well as elevated risks. In light of the current situation, measures such
as policy adjustment and ecological restoration should be taken to avoid risk and optimize land use.

Keywords: ecological land; landscape ecological risk; urbanization; overprotected agriculture;
northeast China

1. Introduction

Multiple impacts of anthropogenic activities and natural succession have triggered drastic land
use and global environmental changes over the centuries, which inevitably gave rise to various conflicts
between economic growth and sustainable development [1-4]. Ecological security has become an
environmental issue in both developed and developing countries throughout the world [5,6]. Urban
land expansion and industrialization have provided significant economic benefits during past decades,
which has also led to considerable negative effects on biodiversity [7], air quality [1], water resources [8],
and food security [9]. Generally, urbanization and its accompanying landscape pattern changes,
physical and chemical pollution, and irresponsible resource utilization have been considered as the
key factors leading to the increase of ecological risk [10-12]. Thus, it became increasingly important for
researchers and policy makers to clarity the interactions between the ecosystem and social system in
maintaining regional ecological security.
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Previous studies have measured regional ecological security and detected its influencing factors in
view of multi-scale and multi-source data [13-15]. Jackson et al. evaluated the ecological vulnerability
caused by land use changes and economic development in the U.S. Mid-Atlantic region by overlaying the
maps of land-use change projections and sensitive ecological resources [16]. Mattson and Angermeier
took ecological integrity as the end point to evaluate the risk of human impacts to freshwater ecosystems,
and the ecological risk index was proposed by integrating land use frequency and its potential impact
on biotic drivers to identify risk regions at different levels [17]. Islam et al. analyzed the hazardous
elements from different land-use urban soils in Bangladesh, and the results showed that metals were at
high potential risk in that country, due to anthropogenic and geogenic factors [11]. Recent studies have
suggested that good policies and reasonable structures of ecological land could considerably improve
the environment [18,19]. Even so, the demand of economic growth has still taken precedence over
ecological protection in many regions, and the lack of coordination between different management
departments has also made ecological protection measures difficult to execute [20].

During the past few decades, rapid urbanization in China, and the accompanying population
growth and urban expansion, has encroached upon large amounts of ecological space, and the natural
landscape has been continuously pushed outward along the urban-rural gradient [21,22]. In addition,
within agriculturally developed regions, especially in northeast China, ecological land resources, such
as forests and grasslands, have been converted into cultivated land by deforestation and reclamation
as a result of strict cultivated land protection strategies [23]. The requisition—compensation balance
policy, which was meant to maintain the dynamic balance of the total amount of cultivated land by
the supplementation of other land resources, has occupied a large amount of reserve areas, many of
which had prominent ecological functions [24]. These exogenous factors have directly or indirectly
affected land use structures and led to an increase in risks, not only in ecological land, but also in land
used for cultivation and other purposes. Therefore, comprehending the dynamics of ecological land
resources and their responses to external elements is supposed to be a prerequisite for regional land
use planning and ecological management.

Ecological land, which refers to land use types with significant ecological value, plays an important
role in providing ecosystem goods and services, regulating regional climate, and optimizing ecological
patterns [25,26]. Even though the term “ecological land” has been used in China since 1999, there is still
no unified definition or classification system of the concept [27]. The applications of ecological land
in the fields of landscape ecology, land management, and other related domains have been studied,
and some progress has been made [28,29]. Moreover, the introduction of ecological spatial entities,
such as green infrastructure, greenways, and ecological networks, further enriched the formulation of
ecological land [30-32]. Nevertheless, studies of ecological land have mostly focused on the definition,
classification, and spatial distribution patterns, and the dynamic changes and underlying mechanisms
need to be discussed further.

Landscape ecological risk is an effective indicator to measure the ecological land health by
estimating the exogenous pressure on the environment at a landscape scale [13]. Traditional ecological
risk assessments have mainly focused on the impact of physical and chemical pollutants on species and
populations [33,34]. With the increasing complexity of external environmental factors and the multiple
scales of evaluation, more environmental stresses were taken into account, such as urbanization,
climate change, and land use change [35]. Studies have demonstrated that a decrease in landscape
integrity and stability can lead to a high ecological risk in regional landscapes [14]. Calculating
landscape ecological risk and putting forward reasonable risk avoidance measures has been a useful
way to improve landscape quality [36]. Natural elements and socio-economic factors are generalized
as the two major factors that affect the ecological risk of land use. Nevertheless, it appears that, in a
typical farming area, resource distribution and production conditions for cultivated land should not
be overlooked. Geographically, these variables are distributed in a continuous way over the study
area, and show significant spatial non-stationarity [37]. Detecting the relationships between landscape
ecological risk and associated factors will correspondingly contribute to ecological risk reduction.
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Regression analysis is often used to measure the correlation between variables and influencing factors.
Globally, the regression-estimated parameter should not be a single value, but discrete values in
the whole region, varying with geographic positions [38]. From this point of view, the ordinary
linear regression models using average or global parameter estimations show no advantage. The
geographically weighted regression (GWR) model has been demonstrated to be more appropriate for
spatial data with non-stationarity, and is increasingly applied in studies of landscape ecology, land
price, and environmental changes, so that the heterogeneity and non-stationarity of variables can be
recognized [39-42].

The contradictions between economic development, food security, and ecological environment
conservation in the process of rapid urbanization have become a primary issue in China. As a strategic
commodity grain base, the black soil area in northeast China may be subject to the most restrictive
cultivated land protection strategies; meanwhile, it is also facing severe challenges in land degradation,
ecological land loss, and urban sprawl, as well as heavy metal pollution due to the heavy industrial
development in the early days of the founding of new China [43]. Under this high pressure, we
presume that in addition to economic development, excessive agricultural protection may also be
an important inducement affecting the quantity and integrity of ecological land. In this paper, we
took Changchun City as a case study; ecological land was extracted from the land use databases at
three time nodes (1996, 2009, and 2015) to depict land use changes and conversions. Furthermore, the
ecological risk and its driving factors were evaluated to examine how ecological land was affected
by the dual pressures of rapid urbanization and agricultural protection. The present study aimed
to further the understanding of the existing situation related to ecological land in order to alleviate
the conflicts between human needs and nature conservation, and to seek a method for sustainable
development in a black soil area.

2. Materials and Methods

2.1. The Study Area

Changchun City, which is the capital of Jilin Province, belongs to the black soil farming area in
the hinterland of the Songliao Plain in northeastern China (Figure 1). The prefecture covers a total
area of 20,595 km?, and encompasses two prefecture-level cities, seven districts, and two counties. The
zonal soils are comprised of black soil and chernozem, and the elevation is 250-350 m, increasing from
east to west. Climatically, Changchun City is subject to a temperate continental monsoon climate with
distinct seasons, and the mean annual temperature is 4.8 °C. The dominant land use type is cultivated
land, occupying over 70% of the total area. The fertile soil resources in Changchun City not only create
favorable conditions for food production, but also provide significant ecosystem services, directly
or indirectly. At the same time, a growth-oriented economic mode has led to a blooming expansion
of the urban area, accompanied by more environmental conflicts. As a result, the ecological land in
this region, as elsewhere in the world, is facing unsolved issues. How to regulate the contradictions
between economic growth and the environmental conservation under increasingly strict cultivated
land protection policies is the primary barrier to achieving sustainable development.
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Figure 1. Location of the study area.

2.2. Ecological Land Definition and Land Classification

Confronted with the severe situation of resource constraints, environmental pollution and
ecosystem degradation, “ecological civilization” was put forward as a concept for promoting natural
conservation and sustainable development. Ecological civilization construction (ECC) was first
proposed in the 17th Congress of the communist party of China in 2007, and upgraded as a national
strategy in the 18th Congress of the party in 2012 [44]. As the basic carrier, ecological land plays
an important role in maintaining regional ecological security and offering ecosystem services [18].
However, the definition of ecological land has still not been unified, and it seems that the current land
classification system does not involve an “ecological land” type, despite its significance being widely
acknowledged [29,45,46]. In 2017, the “Current Land Use Classification”, which was the predominant
land use classification system for land use management and was issued by the Ministry of Land
and Resources (renamed the Ministry of Natural Resources) of China, was officially revised, and
wetland was proposed as a new land use type to emphasize the increasing importance of protecting
ecological land [47]. However, other land use types with certain ecological value, such as forest land
and grassland, were not redefined and reclassified, and the above changes did not play a substantive
role in land management. In this study, we defined ecological land as a land use type that embodies
considerable or potential ecological value in maintaining regional ecological security and offering
ecosystem services. Thus, based on the current classification system and ecological attributes, land use
types were reclassified into six categories: cultivated land (CL), forest land (FL), grassland (G), water
(W), other ecological land (OEC), and urban and rural construction land (URCL). Among them, forest
land, grassland, water, and other ecological land were incorporated into ecological land (Table 1).

Table 1. Land use reclassification based on the “Current Land Use Classification System”.

Land Use Type Abbreviation Secondary-Class
Cultivated land CL Paddy land, rainfed land, and irrigated land
Woodland, shrubwood land, and other forest
Forest land FL land
Natural meadow, artificial meadow, and other
Grassland G
grassland
Water W River, lake, reservoir, pond, and tidal flat

Saline-alkaline land, sandy land, bare land,
and marshland

Urban built-up area, rural residential land,

Urban and rural construction land URCL transportation land, industrial land, and

mining land.

Other ecological land OEL
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2.3. Data Sources and Processing

Data in the study included (1) land use data, (2) social and economic data, and (3) spatial data,
including digital elevation model (DEM) and normalized difference vegetation index (NDVI) data. Land
use data were extracted from the national land survey databases in 1996, 2009, and 2015, which were
established by the Ministry of Land and Resources of China. Social and economic data were collected
from the Changchun Statistical Yearbook, China Statistical Yearbook (county level), and relevant
statistical bulletins. DEM (digital elevation model) data were obtained from the Chinese Academy
of Sciences (http://www.gscloud.cn), with a resolution of 30 m; the NDVI (normalized difference
vegetation index) was obtained from the MODIS13Q1 product of the United States Geological Survey
(USGS), with a resolution of 250 m (https://earthexplorer.usgs.gov). As the evaluation units were set for
both landscape ecological risk assessment and driving factors analysis, it was necessary to consider the
adaptability of cell size to landscape metrics and the dimension of influencing factors, as well as the
local situation in the study area. It was generally believed that taking 2-5 times the average patch area
size as the grid cell could better reflect the heterogeneity characteristics of landscape patterns. Besides,
all data should be processed and expressed in appropriate units through resampling and spatialization.
In conclusion, 5 km x 5 km was determined as the cell size in this study, in combination with the study
range and literature review [48].

2.4. Methods

2.4.1. Modeling of Landscape Ecological Risk Assessment

Landscape ecological risk can be shown as the vulnerability of landscape function and structural
changes to external influences [49-51]. Thus, this study built an evaluation model using the landscape
fragmentation index and the vulnerability index to measure the stress on ecological land. The detailed
methods are as follows.

(1) Fragmentation Index

The fragmentation index can effectively indicate the external disturbance on the landscape.
Considering the current circumstances of the study area, four landscape metrics that delineated the
characteristics of the landscape were selected to calculate the fragmentation index: patch density (PD),
edge density (ED), landscape shape index (LSI), and aggregation index (Al). The specific implications
are detailed in Table 2.

Table 2. Landscape metrics of fragmentation index and descriptions.

Landscape metric Formula Weight Description

where PD is the patch numbers per unit area, N
is the total number of ecological land patches,

(PatchPc]insity) PD=N/A 0.14 and A is the total area of ecological land. The
higher the value, the greater the fragmentation
degree of the landscape.
where ED is the total boundary length per unit
ED area, E is the total length of the ecological land
(Edge density) ED=E/A 0.14 patch boundary, and A is the total ecological land
area. The higher the value, the greater the
fragmentation degree of the landscape.
where LS is a metric used to measure the
LSI complexity of the ecological land patches. The
(Landscape shape index) LSI = 0.46 variable e is the total landscape length of the
ecological land. The higher the value, the greater
the complexity of the landscape.
where Al is the aggregation index and g;; is the
Al Al = [ gii ] (100) 0.26 number of similar adjacent patches. The lower
(Aggregation index) max=gii ’ the value, the greater the complexity of the

landscape.
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The abovementioned metrics comprehensively describe the landscape characteristics from the
aspect of patch area (PD and ED), patch shape (LSI), and aggregation (Al). To calculate the fragmentation
index, the relevant metrics were integrated as follows:

F=a-PD+B-ED+y -LSI+u-Al )

where F is the fragmentation index, and &, , 7, and p are the weights of each metric, which were
determined to be 0.14, 0.14, 0.46, and 0.26, respectively, using the analytic hierarchy process (AHP)
method [52,53]. All the landscape metrics were processed using the normalization method to eliminate
the effects of dimension.

(2) Vulnerability Index

Vulnerability (V) in this study referred to the ability of the landscape to resist external interference.
Land use types endowed with multiple attributes showed differences in their ability to maintain
landscape functions over long-term natural and cultural successions. For example, the landscape
structure of ecological land, which mostly embodies natural attributes, is relatively unstable and easily
disturbed by external factors, so its vulnerability is relatively high. However, construction land is
mainly developed by human activities and has a relatively stable land structure, giving it a high
resistance to external interference and a low vulnerability. Based on Yu's study, we determined the
vulnerability degree by combining the real situations in the study area as follows: other ecological land-6,
water-5, cultivated land-4, grassland-3, forest land-2, and urban and rural construction land-1 [54]. A
normalization analysis was used to eliminate the effect of dimension on the results. Ultimately, the
vulnerability index was calculated as other ecological land-0.2857, water-0.2381, cultivated land-0.1905,
grassland-0.1429, forest land-0.0952, and urban and rural construction land-0.0476.

(3) Landscape Ecological Risk Index

Synthesizing the fragmentation index and vulnerability index can comprehensively denote the
risk characteristics of land use. Therefore, the landscape ecological risk index of ecological land (ELER)
was constructed as follows [54]:

ELER=10xFxV 2

where ELER is the landscape ecological risk of ecological land, F is the fragmentation index, and V is
the vulnerability index. The higher the value, the higher the risk to which the landscape is exposed.

2.4.2. Analysis of Associated Driving Factors
(1) Geographically Weighted Regression Model

Geographically weighted regression (GWR) is a spatial data analysis method that embeds
geospatial information into a regression model [37,38]. Specifically, the local estimation method adopted
by the geographically weighted regression can avoid the impact of study scale and sampling precision,
which are sensitive to linear regression methods. It has been widely proven to be advantageous
over ordinary least square (OLS) regression models when estimating the spatial non-stationarity of
geographical elements [10,39]. GWR can be seen as an extension of the general linear regression
method, and the calculation equation is as follows:

p

yi = Polui,v;) + Z Br(ui, vi)xjx + &; 3)

k=1

where y; is the dependent variable that represents the landscape ecological risk index in grid i; (1;,0;)
are the coordinates of sampling site i, represented by the geographical coordinates of the ith grid
center point; i (1;, v;) is the kth regression parameter of sampling site i; and ¢; is the random error of
sampling site i. The values are normally distributed.
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(2) Moran’s I Index

The precondition of applying GWR is that the dependent variables show significant autocorrelation
in their spatial characteristics, so that the regression analysis results can be better explained. Moran’s I
is a geospatial analysis indicator used to depict the spatial concentration characteristics of geographical
elements over a total space [55]. In this study, the index was used to estimate the autocorrelation of

ELER, and the calculation formula is as follows:
n n — —

anl '21 Wi (Xi = X)(X; - X)
I = 1’1] n n — 2 (4)
YL WX (Xi—X)

i=1j=1 i=1

where 7 is the total number of grid units; X; and X; are the variable values in grids i and j, respectively;
X is the mean variable value in the grid unit; and Wi is the spatial weight matrix. The range of Moran’s
I is between —1 and 1. The higher the value, the more relevant the dependent variable. If [ > 0, the
variables are positively correlated; if I < 0, the variables are negatively correlated; if I = 0, the variables
are spatially unrelated or randomly distributed. Moran’s I was analyzed using the ELER results in 2015
as the dependent variable, and the spatial weight matrices were created by the k-nearest neighbors rule
after careful consideration, and the number of neighbors was set as four. The index was calculated as
0.4965, indicating that the landscape ecological risk was highly correlated in study area.

(3) Explanatory Variables

Ten explanatory variables were selected to detect the relationships between landscape ecological
risk and influencing factors, considering the local conditions and available data, which were elevation
(X71), slope (X3), water resource (X3), vegetation coverage (X4), population density (X5), proportion
of rural residential area (X;), density of road network (Xj;), per capita construction land area (Xjs),
ratio of cultivated land area to residential area (Xy), and per capita cultivated land area (Xj9) (Table 3).
The variables consisted of three element layers, which were the basic natural elements layer, the
urbanization layer, and the grain production conditions layer. Specifically, X9 and X;9 were selected to
constitute the grain production condition layer, in light of the importance of cultivated land resources
in a typical black soil area, as well as to explore the impact of cultivated land distribution on landscape
ecological risk. To reduce the outliers and eliminate zero values, all the variables were processed
by z-score standardization. However, the multicollinearity among the variables could result in poor
stability of the model and low accuracy of parameter estimation. Multicollinearity refers to the
correlation between explanatory variables, and it may be caused by the close physical meaning of
indicators or the finiteness of the sample data. Before establishing the model, linear regression analysis
was applied to detect the multicollinearity. The results showed that all the VIF (variance inflation
factor) values were no more than 10, and all explanatory variables passed the multicollinearity test.

In this study, the OLS regression analysis was first applied to find a properly specified OLS model,
and then the same explanatory variables were used to run GWR. The results showed that the R?
adjusted of OLS was 0.2381, which was much lower than the 0.5338 of the GWR model. It could be
concluded that the GWR model in this study had higher interpretation accuracy than the OLS model
and was more suitable for regression analysis. The kernel function and bandwidth were the most
important parameters in the model. The Gaussian function was selected as the kernel function, and the
optimal bandwidth was determined using the Akaike Information Criterion (AIC), with the software
as a reference. The results showed that most of the condition numbers were greater than 30, which
indicated that there could be local multicollinearity among the explanatory variables, according to the
interpretation of the geographically weighted regression results. Stepwise regression was a method to
detect multicollinearity by introducing new variables step-by-step. Therefore, we used this method to
conduct the second test on the variables. According to the output results, four variables, including
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water resource, population density, density of road network, and per capita cultivated land area, were
excluded. The results indicated that the VIF value can usually explain the global multicollinearity
of variables, but is lacking when explaining the possible local multicollinearity in a geographically
weighted regression.

Table 3. Description and statistical analysis of explanatory variables.

Layer Variable Description Statistics
Tolerance VIF
Elevation (X;) The distance from a point along the plumb 0307 356
. line to the absolute base plane (m)
Ba;c Natural Slope (X5) The ratio of vertical height to horizontal 0.268 3726
ements pe it distance of a slope ’ ’
Water resource (X3) W.ater area within the grid cell/area of the 0.346 2887
grid cell
. The percentage of vertical projected area of
Vegetation coverage (Xy) vegetation on the ground (%) 0.281 3.559
Population density (Xs) Pqpulatlon within thze grid cell/area of the 0.307 3055
s grid cell (person/km~)
Urbanization . : . s .
Indi Proportion of rural Rural residential area within the grid 0237 4228
ndicators residential area (Xg) cell/area of the grid cell ’ ’
Density of road network Rqad area within the grid cell/area of the 0.563 1778
(X7) grid cell
Per capita construction Construction land area within the grid
P cell/total population within the grid cell 0.393 2.546
land area (Xg) 5
(km*/person)
. . Ratio of cuhltlva@d land Residential area within the grid
Grain Production  area to residential area . e . 0.591 1.692
o cell/cultivated land area within the grid cell
Conditions (Xo)
Per capita cultivated Cultivated land area within the grid
P cell/total number of population within the 0.317 3.157

land area (X10) grid cell (kmz/person)

2.4.3. Hot Spot Analysis

Hot spot analysis is a spatial statistics method used to identify the locations of statistically
significant hot and cold spots. A unit with high value that is surrounded by other high-value units
is recognized as a hot spot, while a low-value unit that is surrounded by other low-value units is
recognized as a cold spot. In this study, hot spot analysis was used to detect the spatial clusters of
changes in ELER, and to reveal both the distribution of areas with drastic changes and those without
obvious changes. Specifically, the Getis-Ord Gi* statistical analysis was performed, and a visualization
map was created with confidence level bin (Gi_Bin) for the feature of ELER changes [56]. Based on the
p-value and z-score of the results, it can be concluded that the higher the confidence level, the more
statistically significant the spot.

3. Results and Analysis

3.1. Variations in Ecological Land from 1996-2015

Land use patterns from 1996, 2009, and 2015 (Figure 2) showed that cultivated land was consistently
the dominant land use type during the study period. Construction land that was concentrated in the
main urban area and the administrative center of each junior district expressed an evident expanding
tendency that echoed the rapid urbanization in recent years. As the ecological land type with the largest
proportion, forest land spread out to the south and east of the study area and remained relatively stable.
Grassland area, which was mostly distributed in the western region, was small, and experienced a
remarkable decrease from 1996 to 2015. Correspondingly, other ecological land in the same region
increased significantly and mostly converted to saline—alkali land and sandy land, which indicated
serious land degradation and soil salinization. Water in the study area was basically composed of
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lakes, reservoirs, rivers, and tidal flats, and large amounts of other ecological land had been reclaimed
for cultivation during the study period.

(2)1996

(b)2009 (c)2015

Cultivated land

. Forest land
Grassland

- Water

- Other ecological land

. Urban and rural construction land

Figure 2. Land use changes from 1996 to 2015.

Land use transition probability matrices in Figure 3 show that cultivated land was relatively stable
during the study period. However, given the large base, there was still a considerable loss (861.86 km?)
from 1996-2009. Construction land and forest land were the predominant land use types to which
cultivated land was converted. Meanwhile, large percentages of grassland, water, and other ecological
land (44.72%, 29.17%, and 27.03%, respectively) had transformed to cultivated land on account of the
strict farmland protection strategy and slack discipline on ecological protection. Grassland experienced
the most dramatic changes during 1996-2009, and was mostly converted to cultivated land and other
ecological land. As far as it is concerned, the extent of ecological land loss was obviously higher
than that of cultivated land and construction land. The internal changes of ecological land were not
significant, and the degradation of grassland to saline—alkali land (24.53% of total grassland area in
1996) held a significant proportion. Conversions from 2009 to 2015 were relatively slight, and mostly
happened between cultivated land, construction land, grassland, and other ecological land. Overall, the
succession of cultivated land loss and supplement, expansion of construction land, and encroachment
on ecological land were the major transition types in the study area. Significantly, ecological land was
converted more to cultivated land than to construction land, especially during the first study period.
Large amounts of high-quality cultivated land in peri-urban areas were occupied for development
activities accompanying the reclamation of ecological land, in order to keep certain area for cultivation.
This process directly decreased the quality of cultivated land and led to poor ecological environment.

ZOOEL FL G w OEL  URCL 0421 % 2OISCL FL G w OEL  URCL 09.78%
199 7 e 2009 7 e
CL / 132 0.60 334 CL / 84 1.16
FL 097 131 254 ! FL 007 /%7/// 1 I
" 77 Unchanged ‘I %W////
7%
W/ 29.17 W oo Mn%
%
OEL | 27.03 OEL d 02 %///W//
URCL | 7.08 URCL | 021 9978
I 0.09 % // Io %

Figure 3. Maps of land use transition probability matrices during the 1996-2009 and 20092015 periods.
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3.2. Landscape Ecological Risk Assessment Results of Ecological Land

Considering the value ranges and previous experience, we classified the results into the following
four levels, using the equal interval method: level I (ELER < 0.5), level II (0.5 < ELER < 0.7), level III
(0.7 <ELER £0.9), and level IV (ELER > 0.9). Regions in level I were at lower risk, and regions in level
IV were at higher risk. The statistical results of the different levels are shown in Figure 4 and Table 4.

(a) 1996 = (b) 2009 - (c) 2015 - .

N N
]
[ ] [ ]
N . A= o o
+ al " e _aal? " e _aal?
"y ulin - | B | - | B |
r o =l (T e i R mh g R i
= = L o"uf, o . =EE gl - . =Em
] » L 5 ] ] » LI = ] »
] [ ] [ | - u ] = ]
] [ L]
_ ] iy 8 join of | - i
1 r 1 | : 1 [ | L) :
- ] ‘Jl it e J mEshe J
=) I-i [ L e ENEEEN [l i u phEEEEEE
. m oEmE ELER o -_ ELER L . -_ ELER
X lr.h . Leve: III 11.I. Y . Leve: III 1. '.I. . Leve: III
Level q Level q Level
] -‘=I- Level Il ] Level I | Level Il
0 25 0 B Level IV 0 2] 0 B Level IV 0 25 0 B Level IV

Figure 4. Classification of landscape ecological risk levels of ecological land in the study area.

Table 4. Statistical table for ELER assessment.

1996 2009 2015
Level Proportion Proportion Proportion
Number o Number o Number o
(%) (%) (%)

Level I (<0.5) 46 5.07 45 4.96 46 5.07
Level II (0.5-0.7) 314 34.58 213 23.46 214 23.57
Level III (0.7-0.9) 387 42.62 464 51.10 463 50.99
Level IV (>0.9) 161 17.73 186 20.48 185 20.37

According to the topography and land use type, the study area can be divided into four typical
types: the eastern part is the mountainous area, the middle and northern parts are the black soil
farming areas, the western part is the agro-pastoral ecotone, and the southern part is the central urban
area. Spatially, level I regions are randomly distributed across the study area, and level IV regions are
mostly distributed in the eastern and southern parts of the study area, where they are broadly covered
by forestland. Grids in level Il and level III are spread over the central and northern parts of the study
area, where cultivated land is the dominant land use category. As shown in Table 4, the ELER levels
were mainly concentrated in level II and level III, accounting for approximately 75% of the total units
in 2015. Level I accounted for approximately 5% and level IV accounted for approximately 20% of the
total area. From 1996 to 2015, the units of level I were basically unchanged, and the proportion of level
II units decreased significantly from 34.58% to 23.57%. The proportion of level III regions increased
from 42.62% to 50.99%, and the proportion of level IV regions increased slightly, from 17.73% to 20.37%.
Overall, the ELER showed a distinct increase during the study period, which was mainly dominated
by the transformation from level II to level IIL

From 1996-2009, the dramatic increase in ELER from level II to level III could have been caused by
reclamation, soil salinization, and rapid urbanization under intense human interference and climatic
changes (Figure 5a). The number of grids in level IV had decreased in the eastern forest area, which
owed much to the “Grain for Green” project in China, as well as other beneficial practices, such as
land consolidation and ecological restoration. During the shorter period of 2009-2015, the ELER in
the urban construction region decreased to some extent, which demonstrated that appropriate urban
planning could regulate land shape to be regular and stable; this played a positive role in the interaction
between urban development and landscape ecological patterns (Figure 5b).
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Figure 5. Variations in ELER (a, b) and hot spot analysis (c) in the study area.

Hot spot analysis indicated that significant changes in ELER occurred in the western part of the
study area, where soil salinization has been a notable problem since the 1990s (Figure 5c). In addition,
hot spots also appeared sporadically in the urban construction areas and forest regions. The cold spots
were relatively fewer in number, and were distributed in parts of the northeastern and eastern regions,
which was in accordance with the stable area indicated by the ELER.

3.3. Results of the Geographically Weighted Regression

The regression coefficients of six explanatory variables all showed spatial directional heterogeneity,
which further revealed the non-stationarity of the geographical elements (Table 5). Among them, the
median regression coefficients of X,, X3, and X9 were all positive, indicating that the relationship
between the explanatory variables and the ELER was positively correlated in more than half of the units.
In these units, the landscape ecological risk would go up with the increased values of explanatory
variables. The median regression coefficients of X;, X4, and X were negative, meaning that the ELER
would go down with the increased values of the explanatory variables in more than half of the units.
According to the statistical results, variables with a high explanatory ability for ELER included X;,
X5, X6, and Xg. In terms of the range of regression coefficients, the influencing factor with the largest
magnitude was Xy, and that with the smallest was Xj.

Table 5. Regression coefficient statistics of explanatory variables.

Variable Min Lower Mid Upper Max

Value Quartile Value Quartile Value

Elevation (X7) —-0.5012 —-0.1082 —0.0460 0.0092 0.1231

Slope (X3) -0.1383 0.0521 0.1031 0.1860 0.6827

Vegetation coverage (Xy) —-0.1806 —0.0472 —0.0078 0.0184 0.2352

Proportion of rural residential area (X;) -1.4075 -0.1670 -0.0745 -0.0228 0.1819

Per capita construction land area (Xg) —0.0802 —-0.0070 0.0293 0.0633 0.4038

Ratio of cultivated land area to residential area (Xg) —0.1248 —-0.0234 0.0049 0.0391 0.5780

3.4. Spatial Distribution of the Regression Coefficients of Explanatory Variables

3.4.1. Basic Natural Elements

The influence of elevation on ELER was negatively correlated in most areas, and three positive
clusters of correlation coefficients were distributed in a northeast-southeast direction (Figure 6a).
In that region, the forest-dominated land use structure was exposed to strong external disturbances,
and the regression coefficient verified that with the increase in elevation, the landscape tended to
be vulnerable and gradually fragile, in addition to exhibiting biodiversity loss and high-level ELER.
A negative cluster was located in the southwest, where the urban sprawl area and the ecologically
vulnerable region intersected, and where the ecological environment and construction activities were
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sensitive to elevation changes. Therefore, the ecological land in this region was seriously damaged and

faced high landscape ecological risks.
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Figure 6. Spatial distribution of ELER’s regression coefficients of (a) elevation, (b) slope, (c) vegetation
coverage, (d) proportion of rural residential area, (e) per capita construction land area, and (f) ratio of

(d

cultivated land area to residential area.

The correlation relationship between slope and ELER was mostly positive throughout the area,
and the positive cluster was distributed over the southeastern region (Figure 6b). The notable soil loss
and erosion in this region was mainly affected by irresponsible land use and topographic conditions.
The higher the slope, the greater the likelihood that soil erosion would occur, which would lead to
higher ecological risk.

The correlation between vegetation coverage and ELER was relatively small, and the negative
cluster of correlation coefficients was distributed in the cultivated land area across the midland and
northeastern regions (Figure 6¢). The correlation coefficients increased continuously to the periphery,
with positive clusters on the northern and southern boundaries. In a typical farming area, the higher
vegetation coverage indicated a wider distribution of crops and other vegetation, which had a positive
effect on the improvement of the regional ecological environment and ecological security. Thus,
a negative correlation between vegetation coverage and ELER was formed.

3.4.2. Urbanization Indicators

The proportion of residential areas could reflect the pressure of population and construction land
in the ecological landscape. The results showed that the proportion of rural residential areas and the
ELER were normally negatively correlated in a cultivated land concentration area (Figure 6d)—that is
to say, the higher the proportion of residential areas, the lower the ELER degree represented. Rapid
urbanization in China has been typically characterized by population growth and urban expansion,



Sustainability 2019, 11, 6203 13 of 18

along with the improvement of agricultural production technology, especially in a typical farming
area in northeast. Population growth in the study area has led to the increase of residential land.
Due to the rural settlements possessing spatial aggregation features, rural residential areas tended
to be aggregated and regular while expanding. In addition, relevant beneficial practices in China,
such as prime farmland protection, land reclamation, and ecological restoration, have maintained the
cultivated land quantity and improved the cultivated land quality effectively in recent years. The
above factors could contribute to the agglomeration and regularization of populated and cultivated
land, and promote regional landscape pattern optimization and landscape ecological risk reduction.
The positive cluster of the rural residential area proportion was widely distributed in the southern
and western regions, where construction land in the south and grassland in the west were the main
types of land use. Intensive land use and complex land conversions have directly broken the balance
of nature, and the influence was much higher on ecological land than on cultivated land, due to the
strict cultivated land protection policies in China.

Negative correlation coefficients between per capita construction land area and ELER were more
often found in the main urban area and the surrounding peri-urban areas (Figure 6e). Construction
land was the most widespread land use category in urban areas, and ecological land was much smaller
and more dispersed. In the process of economic development, small and fragmentary ecological land
was usually encroached by construction land; however, this improved the integrity of the landscape
structure and reduced the landscape ecological risk. The positive clusters were mainly in the forestland
of the eastern region. Due to the strong interference of human activities in this region, the increase in
construction land area per capita directly affected the quantity and landscape structure of ecological
land involving forest land, and put landscape ecological security at a high risk level.

3.4.3. Grain Production Conditions

The ratio of cultivated land area to residential area is a specific metric representing the regional
agricultural production level to a certain extent (Figure 6f). The regression coefficients of variables
were positively correlated with the ELER in most regions. The negative clusters were distributed in
the ecologically vulnerable region in the west and parts of the typical farming area in the midlands,
and the regression coefficients increased gradually towards the southern and northern edges, until
two high clusters were formed in the south and northeast. The negative clusters were located in the
western and central regions of the study area, where the spatial expansion of cultivated land and rural
residential areas may have occupied originally fragmented patches of ecological land, thus weakening
the fragmentation degree of the ecological land and reducing the ecological risk. In conclusion, the
security level of ecological land can be improved by adjusting the cropping structure and improving
cultivated land utilization efficiency.

4. Discussion

Agriculture in northeast China plays a very important role in social development, which depends
on vast cultivated land resources and fertile soil. The relatively small amounts of ecological land
contribute much to maintaining regional ecological security. Over the past decades, land use patterns
have experienced dramatic changes. Within this period, peri-urban areas and natural landscapes
were pushed outward piece by piece. In addition, patches of ecological land were scattered and
fragmented, which apparently gave no benefit to the protection of regional ecological security [23].
The changes clearly reflect typical land use issues during ecological civilization reform, and indicate
the importance of ecological land structure and quantity optimization for natural resource protection.
The expansion of impervious surfaces in urban areas is generally considered to be the leading factor for
the decline of both quantity and quality of ecological land. However, strict cultivated land protection
policies probably offer an alternative explanation for the changes. In conclusion, it is unworkable to
consume ecological land in order to achieve the balance of development occupation and cultivated
land compensation, while paying no attention to ecological supplementation and restoration.
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Gradually, stakeholders and policy makers have noticed this problem and set up nature reserves
to conserve natural landscapes and biodiversity. The government in China formulated the “Grain for
Green” policy in 1999 and achieved noticeable effects, especially in the agro-pastoral and agro-forestry
ecotones [57,58]. The results have corresponded with the decrease in ELER to the east of the study area.
In addition, the development of multi-functional, peri-urban agriculture was conducive to providing
ecosystem services and building ecological corridors between urban and rural areas, which relieved the
pressure on regional ecological land use. Moreover, the characteristics of a single land use category were
not only decided by the external anthropogenic factors or environmental conditions, but also changed
with the surrounding land use types, on account of the limited land surface. Therefore, rehabilitation
measures on ecological land and regional land optimization could be useful to comprehensively
improve the security level in the black soil area.

The non-stationarity of geographic elements has been verified through many empirical studies [59,60].
For regression analysis, the global estimate and average estimate in ordinary linear regression models
could ignore the non-stationarity; however, the GWR model embeds spatial information into the
regression model to detect the spatial differentiation of correlation among variables, and further provides
references for policy making. Natural elements data and socio-economic data of the explanatory
variables normally could not be expressed in a unified unit, considering the diversity in size and
type. In this study, spatial analysis was used to achieve the unified expression of multiple factors in a
geographical space.

The dramatic land changes in this region, such as land development, cultivated land reclamation,
and grassland degradation, all influenced the ecological risk to varying degrees. As the most important
land use type in a black soil area, cultivated land has been proven to be crucial, not only to the
landscape ecological risk of ecological land, but also to the corresponding ecological security of
cultivated land. Therefore, the introduction of cultivated land resources conditions, to a certain extent,
is highly conducive to achieving synergy between ecological land and cultivated land in promoting
ecological security. Natural elements, urbanization indicators, and grain production conditions in
this study all played important roles in affecting the regional landscape ecological security through
complex mechanisms. The impact of basic natural elements on ecological risk showed significant
spatial heterogeneity. High intensity land use within the region can reduce landscape integrity and
risk tolerance, thus leading to increased sensitivity to changes in natural factors. Grain production
conditions were considerable factors affecting the ELER, and the quantity and structural changes in
cultivated land in a farmland-dominated area were distinctly able to disrupt the landscape structure of
ecological land. Overall, the regression results could be better explained when considering landscape
structure changes caused by other land use types. However, thus far, a complete evaluation system for
landscape ecological risk has not been established, and the selection of indicators and data spatialization
methods needs to be discussed further.

Adpvice to reduce the landscape ecological risk of ecological land in a typical black soil area could
be suggested according to the distribution of ELER and its associated driving factors. In detail, it is
important to strengthen the landscape integrity in the eastern forest areas, especially in the high-slope
and high-altitude areas, by reducing sporadic and fragmented utilization of land patches. Additionally,
optimizing the distribution of rural residential areas could be an effective method to improve cultivated
land utilization and quality. We also suggest developing ecological land by building shelter forest
belts, reclaiming abandoned land, and implementing other measures to promote regional ecological
security. Soil remediation should be carried out in desertification and salinization areas. Wetland parks
or natural reserves could be built on ecological land types with high ecological values and low utility
values, so as to renovate the overall ecological space of the region. Rational planning for urban green
landscapes, such as parks and green belts, should be established to improve the layout of ecological
land. The strategy of ecological red lines needs to be further improved, in order to better integrate it
with land use planning and to strictly control the boundaries of urban development. Natural barriers,
including reservoirs and rivers, could be helpful for preventing urban sprawl, and could also constitute
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ecological corridors to connect different regions, as well as guaranteeing the movement of materials
and the flow of energy across ecosystems over the urban-rural gradient.

5. Conclusions

Ecological land health and security are crucial premises for ecological civilization construction
and sustainable development. Assessing ecological land risks and comprehending the underlying
inducement thereof can be of great significance to land use optimization and natural resource
conservation. The rapid urbanization and strict agricultural protection policies in China are the two
primary elements that change ecological land structure and raise ecological risks, especially in an
agriculturally strategic region, such as this one in northeastern China. Therefore, this paper proposes
a method for evaluating the variations in landscape ecological risks of ecological land, as well as
evaluating the possible impacting factors by quantitatively analyzing the basic natural elements,
urbanization indicators, and grain production conditions.

The results indicate that the landscape ecological risk of ecological land has experienced remarkable
changes over the past decades in northeast China, due to intense human interference and natural
succession. Rapid urbanization and land use changes have significantly affected the global environment
and generated ecological risks, which is in good agreement with empirical studies in other regions [11,16].
There was an evident loss of ecological land with considerable ecological value, while the process
of land degradation and soil salinization led to an increase of other ecological land. Forest areas
maintained a high risk level during the study period, and the concentrated farming areas showed a
drastic tendency to increase. By the end of the study period, the implementation of declared policies,
such as “Grain for Green” and land consolidation, alleviated the severe situation of ecological land.
Cultivated land reclamation and urban expansion are two dominant ways in which ecological land
resources were lost in this study. It is interesting to note that ecological land loss may further lead to the
decline of cultivated land quality. This consumption of ecological land is undoubtedly not conducive
to sustainable development; furthermore, the existing preferential policies might create additional
obstacles for ecological resource protection.
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