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Abstract: Coastal cities have been experiencing tremendous land use changes worldwide. Studies on
the consequences of land use change in coastal cities have provided helpful information for spatial
regulations and have attracted increased attention. Changes in forests and water bodies, however,
have rarely been investigated, challenging the formation of a holistic pattern of land use change.
In this study, we selected Ningbo, China, as a case study area and analyzed its land use change
from 1990 to 2016. Random forest (RF) classification was employed to derive land use information
from Landsat images. Transition matrices and a distribution index (DI) were applied to identify the
major types of land use transitions and their spatial variations by site-specific attributes. The results
showed that the entire time period could be divided into two stages, based on the manifestations
of land use change in Ningbo: 1990-2005 and 2005-2016. During 1990-2005, construction land
expanded rapidly, mainly through the occupation of agricultural land and forest, while during
2005-2016, the main change trajectory turned out to be a small net change in construction land and a
net increase in agricultural land sourced from construction land, forests, and water bodies. In terms
of land use change by site-specific attributes, the rapid expansion of construction land around the
municipal city center during 1990-2005 was restrained, and similar amounts of land conversion
between construction and agricultural use occurred during 2005-2016. During the study period,
areas undergoing land use change also showed trends of moving outward from the municipal city
center and the county centers located adjacent to roads and the coastline and of moving up to hilly
areas with steeper slopes and higher elevations. Protecting reclaimed agricultural land, improving
the efficiency of construction land, and controlling forest conversion in hilly areas are suggested as
spatial regulations in Ningbo city.

Keywords: land use change; transition matrix; spatial dynamic; random forest; Ningbo city

1. Introduction

Land use change is regarded as one of the most important consequences of unprecedented human
alterations of the earth’s land surface [1]. These changes significantly impact ecosystems, climate,
and human vulnerability, and are also related to land degradation, soil erosion, biodiversity loss,
and environment pollution [2-6]. Land use change has been selected as a core research project of
the International Geosphere Biosphere Programme (IGBP), the International Human Dimensions
Programme on Global Environmental Change (IHDP), and the World Climate Research Programme
(WCRP) [7]. Many studies have analyzed the dynamics and patterns of land use change at different

Sustainability 2019, 11, 2122; doi:10.3390/su11072122 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-7214-5415
https://orcid.org/0000-0002-8158-9288
http://www.mdpi.com/2071-1050/11/7/2122?type=check_update&version=1
http://dx.doi.org/10.3390/su11072122
http://www.mdpi.com/journal/sustainability

Sustainability 2019, 11, 2122 2 of 21

levels (i.e., at the global, continent, country, or city level) and in different time periods, concluding that
although agricultural land expansion, urban sprawl, and forest loss have been major manifestations of
global land use change, significant variations have been observed at continental, national, and regional
levels due to differences in the underlying drivers, including demographic, economic, sociocultural,
institutional, technological, and biophysical indicators [8-12].

Coastal cities, occupied by approximately 70% of the global population, are the areas most
affected by land use change, which mainly manifests through urban expansion and changes induced
in other land use types, including agricultural land, forests, and water bodies [13]. Land use change in
coastal cities is regarded as one of the major causes of many ecological and environmental problems,
especially those related to water, which usually substantially impact hydrological alternations and
can also threaten urban sustainability [14]. Coastal cities have been identified as vulnerable regions
in terms of climatic shifts [15,16]. Coupled land use and climate changes usually lead to amplified
hydrological responses and aggravated flood risks in these cities [17]. The management of land and
water are increasingly being recognized as inextricably linked [14,18]. In this context, understanding
the processes of land use change and its spatial patterns in coastal cities is instructive for policy
decision-making on optimal land use planning and management. These policies can provide feasible
strategies for the sustainability of coastal cities, especially for water and flood management practices.

In China, land use has significantly changed due to rapid urbanization and population growth,
which can be characterized by an expansion in construction land and a decrease in agricultural
land [19-23]. China’s construction land increased nearly five-fold during 1992-2015, almost 2.5 times
more rapidly than the global average [24]. More than 10% of cultivated land has been converted to
other land use types, and the per capita area of cultivated land decreased from 0.11 ha in 1996 to
0.09 ha in 2008 [25]. This has aggravated the problem of a “large population with relatively little arable
land” and has increased the risk of food shortage in China [26]. To guarantee food security, central and
local governments in China have implemented a series of policies since the mid-1980s, and enhanced
the strictness of these policies after 2004 via agricultural taxes, land premiums, and an arable land
minimum (12 million ha) to curb the occupation of agricultural land by construction land: These
policies have been judged to be almost effective in restricting agricultural land loss [27,28]. Currently,
spatial regulations are highly appreciated by the central government of China, aiming at enhancing
efficiencies and realizing the sustainable development of national or regional land spaces through
a comprehensive arrangement of land space development, resource and environmental protection,
the improvement of land consolidation, and security systems [29,30].

With a rapid urbanization process, coastal cities in China have experienced faster development
and attracted more people than other cities [31]. In 2016, more than 40% of the urban population
and 52% of the gross domestic product (GDP) were concentrated in the coastal regions of China.
As a consequence, land use changes in these regions have attracted the attention of many researchers:
Their topics focused on the rapid urban expansion and conversion of agricultural land belonging
to first-tier coastal cities such as Shanghai, Guangzhou, and Shenzhen [32-36]. In contrast, changes
in other land use types (e.g., forests and water bodies) have rarely been investigated, adding to the
difficulty of forming a holistic pattern of land use change, especially in second- and third-tier coastal
cities. The expansion of coastal cities involves the occupation of agricultural land and forests, as well
as water bodies, which has adverse impacts on ecosystems, increases flood probability, and creates
a series of obstacles for urban regulations. Additionally, conflicts among different land use types
and their negative impacts on socioeconomic development in rapidly urbanized coastal cities may be
emerging sequentially in less-developed cities in China [37]. Therefore, more effective analyses and
monitoring of land use changes are required for better spatial regulations in coastal cities, especially
with regard to those that have become some of the most dynamic places in China (posing a risk for
water and flood management).

Remote sensing images can contribute to providing spatially and temporally consistent monitoring
information for land use change analyses with time and efficiency requirements [38]. Machine learning



Sustainability 2019, 11, 2122 3of 21

algorithms, such as artificial neural networks (ANNSs), support vector machines (SVMs), and random
forest (RF), have been widely used in land use classification with remote sensing images, as they
can capture the nonparametric signature of land use types and do not rely on data belonging to any
particular statistical distribution [39]. Their high accuracy separates them from traditional unsupervised
and supervised algorithms, such as IsoData, K-means, and maximum likelihood (ML) [40]. Among
these machine learning algorithms, the results of RF classification have been proven to be more accurate
and robust, especially when the feature space is complex and the data present different statistical
distributions [41,42].

In this study, we investigated the spatiotemporal patterns of land use change in Ningbo, China,
a coastal city that is one of the most typical and important coastal cities in the Coastal Economic Belt
and is undergoing a rapid urbanization process. An integrated approach incorporating geographic
information system (GIS), remote sensing images, RF classification, a land use transition matrix
(LUTM), and a distribution index (DI) was applied. We introduced RF classification, LUTM, and DI to
extract land use information from Landsat images to detect major types of land use transitions and to
analyze their spatial variations by site-specific attributes. The research objectives were: (1) To determine
the temporal changing trends of each land use type in Ningbo city during 1990-2016; (2) to identify
the major types of land use transitions, with a focus on the characteristics of urbanization; and (3) to
examine the differences in the spatial patterns of the major types of land use transitions on the basis of
site-specific attributes. The approach and findings of this study are a valuable reference to support the
creation and implementation of spatial regulations for policymakers, urban planners, and resource
(especially water resource) managers in coastal cities, as well as in cities with diverse and dynamic
changes in land use types.

2. Materials and Methods

2.1. Study Area

Ningbo city is located within the intersection of the national “golden waterway” of the Yangtze
River and the north—south sea transportation route in China (Figure 1). It is a prefectural-level city
and contains 11 county-level administrative regions: Haishu, Jiangbei, Jiangdong, Beilun, Zhenhai,
Yinzhou, Fenghua, Yuyao, Cixi, Xiangshan, and Ninghai. It has a subtropical climate with hot and
humid summers and relatively dry winters. The mean annual temperature is about 16.5 °C, and the
mean annual rainfall is about 1440 mm. The plum rain of the Asian monsoon in June and the
typhoons that occur annually between August and October are the main sources of water for the city,
and fluctuations in these events may lead to flooding or droughts [43]. Topographically, the average
elevation of this region is very low, with more than 50% of its on-land territory being less than 50 m
above sea level.
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Figure 1. Location of Ningbo city.

Ningbo is also known as a rapidly developing port city. In 1987, it became a separate planning
city and was granted the same authority as the provincial governments for financial administration.
Subsequently, both its economy and urbanization developed rapidly. In 1990, the GDP of Ningbo
was 14.1 billion RMB, and the urbanization rate was 38.5%. In contrast, in 2016, its GDP reached
854.1 billion RMB, an almost 60-fold increase, and the urbanization rate increased to 71.9%, 33.4%
higher than in 1990. The population in Ningbo has also continuously increased from 4,577,000 in 1990
to 5,910,000 in 2016 [44]. The Ningbo-Zhoushan port, which has become the largest port in the world in
terms of cargo tonnage (since 2012), is regarded as having considerably contributed to the development
of Ningbo city [45]. Concurrently, construction land expansion has become one of the major land use
change trajectories in Ningbo city, and has mainly been achieved through the conversion of agricultural
land and forests. However, the implementation of farmland protection policies have proven to be
effective in controlling the expansion of construction land and in protecting agricultural land from
being occupied by non-agricultural use [46], so manifestations of land use change may be different in
Ningbo city over time.

2.2. Data

Landsat thematic mapper (TM), enhanced TM plus (ETM+), and operational land imager (OLI)
images with 30-m resolution were used to draw land use maps for the years 1990, 1995, 2000, 2005,
2010, and 2016. All Landsat images were downloaded from the United States Geological Survey
(USGS). To produce high-quality land use maps, images with cloud cover below 10% that were
acquired in the summer were selected. If these images were missing, images from other seasons or
adjacent years were supplemented. Finally, a total of 14 images were selected (Table 1). They were first
radiometrically and atmospherically corrected using radiometric calibration and FLASSH modules
in ENVI 5.3 (Exelis Visual Information Solutions, Inc., Boulder, CO, USA), and second, scan gaps of
the Landsat 7 images after 2003 (caused by a shutdown of the Landsat 7 scan-line corrector (SLC)
on 31 May 2003) were repaired using a patch named “landsat_gapfill.sav”. After, these images were
joined and clipped according to the Ningbo city boundary.
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Table 1. Description of the images used in this study.

No. Acquisition Date Sensor Path/Row Cloud Cover (%)
1 14 August 1990 Landsat 5 118/39,118/40 0
2 12 August 1995 Landsat 5 118/39,118/40 0
3 18 September 2000 Landsat 7 118/39,118/40 0
4 30 July 2005 Landsat 7 118/39 2
5 15 August 2005 Landsat 7 118/39 0
6 19 September 2006 Landsat 7 118/40 0
7 04 June 2005 Landsat 5 118/40 4
8 17 July 2009 Landsat 5 118/39 0
9 20 July 2010 Landsat 5 118/40 20

10 20 July 2016 Landsat 8 118/39 1
11 28 July 2016 Landsat 7 118/40 3

In addition to Landsat images, a digital elevation model (DEM) with 30-m resolution was
downloaded from the Geospatial Data Cloud (Figure 1). Slope in Ningbo city could be calculated
using the DEM data. Seats of urban or county governments were used as socioeconomic centers of
Ningbo city, which were derived from the Municipal Bureau of Land Resources of Ningbo [47].
The main roads in 1990 and 2005 were revised based on roads derived from OpenStreetMap
(OpenStreetMap Foundation, London, UK), according to traffic maps and high-resolution Google
Earth maps (Google Inc., Santa Clara county, CA, USA). The coastline was extracted from land use
data. All these data were used to illustrate the spatial characteristics of land use change in Ningbo city.

2.3. Random Forest (RF) Classification

A detailed flowchart of land use mapping is presented in Figure 2. RF classification is an efficient
tool for land use mapping [41,48], and was used to map land use in Ningbo.

Images pre-processing

Landsat images Radiometric Atmospheric Mosaicking and
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y
Spectral indices Co-occurrence texture
I NDVI ‘ \ NDBI l I Ul } I Mean l I Variance Homogeneity Contrast I
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Figure 2. Flowchart for land use mapping using random forest (RF) classification.

EnMAP-box 2.2 (Humboldt University, Berlin, Germany) was used to run the RF classification.
Two parameters needed to be set, the number of decision trees to be generated (Ntree) and the number
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of variables to be randomly sampled at each tree (mtry). Belgiu et al. [49] have suggested that a default
value of 500 for Ntree is acceptable, because the errors stabilize before this number of classification
trees is achieved. RF classification is not sensitive to mtry, and mtry is usually set to be the square root
of the number of input variables. In this study, we assigned 500 and the square root of the number of
input variables for Ntree and mtry, respectively.

To improve classification performance, DEM, slope, textures, and spectral indices were employed
in the RF classification. Textures were calculated using co-occurrence measures with a 3 x 3 window
size, including mean, variance, homogeneity, contrast, dissimilarity, entropy, second moment,
and correlation. Spectral indices were calculated using the band math of the Landsat images. Six indices
were calculated: Normalized difference vegetation index (NDVI), normalized difference water index
(NDWI), modified normalized difference water index (MNDWI), revised normalized difference water
index (RNDWI), urban index (UI), and normalized difference built-up index (NDBI) [50-54]. All these
calculations were completed using ENVI 5.3 software.

Five land use types were extracted: Construction land, agricultural land, forests, water bodies,
and other land (Table 2). Majority statistical filtering with 3 x 3 filtering was used to reduce salt and
pepper effects. To avoid the influence of changes in the sensors, images from each sensor in each year
were classified separately.

Training and validation samples of each land use type were extracted from Google Earth
images and Landsat images by visual interpretation for each year, each including 500 randomly
selected points for each year. Overall accuracy (OA) and kappa coefficient methods were applied for
accuracy assessments [37], where larger OA and kappa coefficients correspond to more accurate RF
classification results.

Table 2. The land use classification system used in Ningbo city.

Code Land Use Type Description

Land covered by construction, including urban or rural
1 Construction land residential land, industrial areas, commercial areas,
transportation facility areas, etc.
Land for growing crops, also called cultivated land or arable

2 Agricultural land land in other studies
Land for growing trees, shrubs, and bamboo, as well as coastal
3 Forest
mangrove forest
4 Water body Rivers, lakes, sea areas, ponds, reservoirs, etc.
5 Other land Other types of land use, including unused land

2.4. Land Use Transition Matrix (LUTM)

LUTM has been widely used in quantitative descriptions of land use changes [2,55]. LUTM
was applied in this study to describe the quantities of land use changes. According to the LUTM,
the gain, loss, and net change of each land use type can be determined, and the major types of land use
transition can be summarized. LUTM can be calculated using raster calculators in ArcGIS 10.4 software
(Environmental Systems Research Institute, Inc., Redlands, CA, USA).

2.5. Spatial Variation Analysis

To analyze the spatial variations in a specific type of land use transition, an indicator named the
distribution index (DI) was introduced in this study. The DI equals the ratio between the area of a
type of land use transition within a spatial attribute group and the total area of this type of land use
transition in Ningbo city. The formula is as follows:

Dl = SR 100 Q)
l]k - CAl o
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where DI refers to the distribution index, i refers to the ith type of land use transition, j refers to the jth
group for spatial attribute k, CA;; refers to the area of the ith type of land use transition within the
kth group of spatial attribute j, and CA; refers to the total area of the ith type of land use transition in
Ningbo city.

For the spatial attributes affecting land use change, previous studies have mostly focused on
four attributes: Physical factors, socioeconomic factors, neighborhood factors, and land use policy
factors [56,57]. In this study, we emphasized the spatial patterns of land use change by physical and
socioeconomic attributes. Two topographic attributes (i.e., slope and elevation) were selected that
have mostly been considered physical factors in previous studies [57]. Proximity attributes were
regarded as good representations of socioeconomic factors [57-59], and in this study, we selected four
proximity attributes: Distance to urban center (DUC), distance to county centers (DCC), distance to
main roads (DMR), and distance to coastline (DCL). Specifically, DCL was considered together with
other attributes (DCL has seldomly been included in previous studies) because there is a series of ports
along the coastline that may also play a significant role in land use change.

With respect to the divisions of groups for spatial attributes, the DUC, DCC, and DCL groups
were divided using an interval of 10 km. The DMR group was divided with an interval of 1 km. Slopes
with values of 2, 6, 15, and 25 were used as dividing points according to the technical specifications of
Chinese land use surveys. As most land use change activities have occurred in areas with elevations
less than 100 m, we emphasized the spatial variations of land use change in these areas, with an
interval of 10 m (Figure 3).
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Figure 3. Groups of different spatial attributes in Ningbo city: (a) Distance to city center (DUC),
(b) distance to county center (DCC), (c) distance to coastline (DCL), (d) distance to main roads (DMR),
(e) elevation, and (f) slope.
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3. Results

3.1. Accuracy Assessment of RF-Derived Land Use Data

The OA and kappa coefficients were calculated using randomly selected validation samples for
the years 1990, 2000, 2005, 2010, and 2016, as shown in Table 3. The values of the OA were 87.8%, 91.6%,
92.8%, 85.5%, 88.8%, and 86.8%, and the kappa coefficients were 0.83, 0.88, 0.90, 0.81, 0.85, and 0.83 for
1990, 1995, 2000, 2005, 2010, and 2016, respectively. All of the OA values were above 80%, and all of
the kappa coefficients were greater than 0.8.

Visual interpretation is regarded as more accurate but more time-consuming than most other
methods in land use classification using medium- to high-resolution images [60-62]. You adopted the
visual interpretation method and obtained land use data of Ningbo mainly from Landsat images for
1985-2013 [37]. The values of OA and the kappa coefficients found in this study were roughly close to
those of You (Table 3), and the values in 2000 were even larger than their counterparts in You’s study,
implying that the results of the RF classification were satisfactory in analyzing land use change in
Ningbo city.

Table 3. Overall accuracy (OA) and kappa coefficients and their comparison to the results of You's

study [37].
Year This Study You’s Study
OA (%) Kappa OA (%) Kappa

1990 87.8 0.83 9251 0.891
1995 91.6 0.88 94.1 0.92
2000 92.8 0.90 91.7 0.89
2005 85.5 0.81 93.6 0.91
2010 88.8 0.85 93.9 091
2016 86.8 0.83 - -

! These two numbers are results from the year 1991 in You's study [37].

3.2. An Overall Sketch of Land Use Change

According to Table 4 and Figure 4, forest and agricultural land were the two major land use types
in Ningbo city in 1990, accounting for 84.48% of the total area. However, the total proportions of forest
and agricultural land roughly decreased during the 1990-2016 period and accounted for 73.52% of
the total area in 2016. Specifically, forest area continually decreased during the study period, and the
proportions decreased from 57.5% in 1990 to 48.9% in 2016. Agricultural land experienced a significant
shrinkage during 1990-2005, from 2515.91 km? in 1990 to 2074.25 km? in 2005: However, it recovered
during 2005-2016 and reached 2289.27 km? in 2016, which was still 226.64 km? less than in 1990.
Besides the two major land use types, construction land area continually increased, from 531.51 km?
in 1990 to 1543.87 km? in 2005, and then remained roughly stable during 2005-2016. Since 2005,
construction land has been the third-largest land use type, accounting for more than 16% of the total
area in Ningbo city. With respect to water bodies and other land use types, the former expanded on a
smaller scale (1.6 km?) in the first 10 years of the study period (1990-2000) and then shrunk to 8.66 km?
in 2016, 1.04 km? less than in 1990. Other land use types roughly expanded during the study period,
but only accounted for a small percentage of the total area (less than 1.5%).
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Table 4. Areas and percentages of five land use types in Ningbo city from 1990 to 2016.

9of 21

Year Construction Land Agricultural Land Forest Water Body Other Land
Area (km?) Perc:ntage Area (km?) Percgntage Area (km?) Percsntage Area (km?) Percsntage Area (km?) Percsntage
(%) (%) (%) (%) (%)
1990 531.51 5.71 2515.91 27.02 5351.24 57.46 903.2 9.70 10.85 0.12
1995 992.97 10.66 2519.41 27.05 4861.08 52.20 923.62 9.92 15.61 0.17
2000 1200.56 12.89 2238.68 24.04 4756.77 51.08 1052.1 11.30 64.59 0.69
2005 1543.87 16.58 2074.25 2227 4646.15 49.89 988.31 10.61 60.11 0.65
2010 1515.4 16.27 2119.07 22.75 4662.69 50.07 881.33 9.46 134.22 1.44
2016 1560.15 16.75 2289.27 24.58 4557.1 48.93 806.55 8.66 99.62 1.07

N

Legend

F
=

P
3

[ Construction land [ ] Agricultural land [l Forest 0] Water body [l Other land —+—

0

Figure 4. Land use in Ningbo city from 1990 to 2016.
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Based on the above analyses, a significant difference was observed in land use change before and
after 2005 in Ningbo city, as identified in Figure 5. This difference was mainly attributed to changes in
construction land, agricultural land, and water bodies. Construction land expanded rapidly before
2005, whereas the annual net changes in construction land were small after 2005 and even became
negative during 2005-2010. In comparison, agricultural land continually shrunk during 1990-2005,
and then transitioned to expansion after 2005. The annual net change in water bodies was roughly
positive during 1990 to 2005: However, it became negative after 2005.
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Figure 5. Annual net change in each land use type in Ningbo city from 1990 to 2016.
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3.3. Major Types of Land Use Transitions

Given the significant difference in land use in Ningbo city before and after 2005, the land use
transitions of the two time periods (1990-2005 and 2005-2016) were analyzed using land use transition
matrices. During 1990-2005, land use transitions occurred in about 20% of the total area (1865.11 km?)
of Ningbo. Land gains were mainly attributed to the expansion of construction land, followed by
expansions of agricultural land and water bodies (Figure 6). New construction land was mainly
reclaimed from agricultural land and forest, new agricultural land was mainly reclaimed from forest,
and new water bodies were mainly reclaimed from agricultural land and forest (Figure 5). Land
losses were mainly attributed to decreases in agricultural land and forest (Figure 6). About one-third
(33.9%) of agricultural land and about one-seventh (14.7%) of forests were converted to other land use
types. Agricultural land converted to construction land occupied 73.9% of the total area experiencing
agricultural land loss. In comparison, 48.1% and 42.9% of lost forest was converted to construction land
and agricultural land, respectively. Overall, construction land expansion from occupying agricultural
land was the major feature of land use change; and transitions from agricultural land to construction
land, from forest to construction land, and from forest to agricultural land were three major types of
land use changes, accounting for 73.2% (1365.01 km?) of the total changed area during 1990-2005.

Other land Loss ] Gain
Water body [ ] ]
Forest || |
Agricutural land | ]
Construction land [ ]
lOIOO 560 (; 5(;0 10‘00 1500 km?
Construction land Agricutural land ™ Forest ® Water body M Other land

Figure 6. Gain and loss of each land use type and their sources in Ningbo city during 1990-2005.

During 2005-2016, the area of transitioned land was 1665.13 km?, accounting for 17.9% of the total
area of Ningbo. The main types of land use transition were identified as changes from construction
land to agricultural land, from agricultural land to construction land, from forest to agricultural land,
and from water bodies to agricultural land, adding up to about two-thirds (61.5%, 1023.84 km?) of the
total changed area during this period. Unlike during 1990-2005, agricultural land expansion became a
major feature of land use change during 2005-2016 (Figure 7), and construction land was identified as
the largest contributor. The area of construction land reclaimed back to agricultural use summed to
364.33 km?, implying that about one-fourth (23.60%) of the construction land in 2005 was converted
to agricultural use, which accounted for 51.6% of the total area of gained agricultural land during
2005-2016. Agricultural land was also being converted to construction land, but the area (329.25
km?) was smaller than that being converted from construction land to agricultural land (364.33 km?).
Forest became the second-largest contributor to agricultural land expansion, accounting for 24% of the
gained agricultural land. Areas experiencing changes from water body to agricultural land increased,
accounting for 22.8% of the total area of gained agricultural land.

Other land Loss 1 | . Gain
Water body [ ] | -]
Forest | | | n
Agricutural land ] | I
Construction land [ ] | [ |
6(;0 4(;0 2(;0 0 2(;0 4(;0 6(;0 8(;0 km?
Construction land Agricuturalland ™ Forest ™ Water body M Other land

Figure 7. Gain and loss of each land use type and their sources in Ningbo city during 2005-2016.
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3.4. Spatial Variations in Major Types of Land Use Transitions by Groups of Spatial Attributes

Spatial variations in the DI values of the major types of land use transitions (Section 3.3) by
groups of six spatial attributes (DUC, DCC, DCL, DMR, slope, and elevation) were analyzed for
the two time periods 1990-2005 and 2005-2016 (Figures 8 and 9, respectively) to comprehensively
understand the spatial characteristics of land use change in Ningbo. Specifically, maps of the main
roads at the beginning of the two time periods (1990 and 2005) were applied to determine the distance
to road during 1990-2005 and 2005-2016, respectively. In contrast, the other spatial attributes remained
unchanged during the study period.
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Figure 8. Spatial variations in the distribution index (DI) values for the major types of land use
transitions during 1990-2005 by (a) DUC, (b) DCC, (c¢) DMR, (d) DCL, (e) slope, and (f) elevation.
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Figure 9. Spatial variations of DI values for major types of land use transitions during 2005-2016 by
(a) DUC, (b) DCC, (c) DMR, (d) DCL, (e) slope, and (f) elevation.

During 1990-2005, the DI values of three major types of land use transitions (i.e., changes from

agricultural land to construction land, from forest to construction land, and from forest to agricultural
land) showed similar trends to each other in all six spatial attributes (Figure 8). Specifically, they all
presented two peaks in different DUC groups (Figure 8a). The first peak in the DI values for the change
from agricultural land to construction land appeared with DUC ranging between 10 and 20 km, which
could be attributed to the urban sprawl of the municipal city centers. The second peak occurred with
DUC ranging between 50 and 60 km, which was mainly a result of development around county centers,
such as those in Cixi and Yuyao. This is different from the worldwide ex-urbanization phenomenon,
which is largely driven by incoming residents seeking amenities, such as proximity to landscapes
with high natural and aesthetic value or privacy [63,64]. The peaks of the DI values for changes from
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forest to agricultural land appeared with DUC ranging between 20 and 30 km and 60 and 70 km,
respectively, both adjacent to the peaks for changes from agricultural land to construction land and
representing a supplementation of agricultural land reclaimed from forest. The peaks of the DI values
for change from forest to construction land appeared with DUC ranging between 20 and 30 km and 40
and 50 km, showing that forests both around the municipal city centers and around the county centers
were experiencing urban expansion in Ningbo city.

With respect to DCC, negative correlations between the DI values for the three major types of
land use transitions and DCC were identified (Figure 8b). The three major types of land use transitions
aggregated within 20 km of the county centers, and their proportions all totaled about 80%. Similarly,
the DI values of the three major types of land use transitions showed continuously decreasing trends
with increasing DMR and DCL (Figure 8c,d), indicating that land use types closer to main roads or to
the coastline were more likely to suffer from land use transitions. In terms of slope and elevation, peak
values of the DI values for the three major types of land use transitions both appeared in the second
spatial groups and decreased sharply in the following groups (Figure 8e,f): Land use transitions mainly
occurred in areas with slopes ranging between 2 and 6° or elevations ranging between 10 and 20 m in
Ningbo city during 1990-2005.

During 2005-2016, changes from construction land to agricultural land, from agricultural land
to construction land, from forest to agricultural land, and from water body to agricultural land were
observed, four major types of land use transition. Spatial variations in the DI values for the above four
major types of land use transition are shown in Figure 9. The DI values for changes from construction
land to agricultural land and from agricultural land to construction land showed similar patterns by
different spatial attributes (Figure 9a—f). Larger DI values for the two changes were concentrated with
DUC ranging between 10 and 20 km and 50 and 60 km, respectively, with slopes less than 6° and
with elevations ranging between 10 and 20 m, whereas DI values were negatively correlated with
DCC, DMR, and DCL. These indicated that occupation of agricultural land for nonagricultural use and
construction land reclamation concurrently occurred adjacent to each other. In terms of change from
forest to agricultural land, the DI values showed one peak at a DUC ranging from 30 to 40 km, which
was longer than the first peak during 1990-2005, indicating that forest degradation had extended to
more peripheral areas of the municipal city centers, which corresponded with the more peripheral
areas of the county centers of Cixi and Yuyao (Figure 3a). This land use transition type was more
concentrated with DCC ranging between 10 and 20 km and with DCL less than 10 km, similarly to
1990-2005. There was a tendency for people to move to hilly areas with larger slopes and higher
elevations, as the largest DI values transitioned to slopes ranging between 6 and 15° and to elevations
ranging between 30 and 40 m during 2005-2016 (Figure 9e—f). Water body became a new major source
of agricultural land during this time period. According to the spatial distributions of the DI values,
change from water body to agricultural land was mainly concentrated in areas near the coastline, near
main roads, with a slope less than 6° or an elevation lower than 20 m, and located far away from
municipal city centers (70-80 km) and county centers (20-30 km).

Overall, the rapid expansion of construction land by occupying agricultural land during 1990-2005
reached a dynamic equilibrium during 2005-2016, which was represented by similar amounts of
conversions between construction land and agricultural land in identical spatial attribute groups in
the latter period. The above analyses also indicated that during the study period, human influences
(represented by the change from forest to agricultural land) were moving outward, expanding to the
more peripheral areas of Ningbo’s municipal city/county centers, to coastal areas, and to hilly areas
with steeper slopes and higher elevations, in particular along the main roads. Changes in water bodies,
e.g., sea reclamation, were also a striking feature of land use change during 2005-2016.
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4. Discussion

4.1. Driving Forces of Land Use Change in Ningbo City

The expansion of construction land proved to be a persistent land use change trajectory in
both of the stages. Its driving forces could be mainly attributed to economic development in China
characterized by three major compositions: Marketization, globalization, and decentralization [65,66].
The influences of marketization can be summarized into two aspects. First, the establishment of
a market-oriented economy stimulated the development of private enterprises and attracted mass
population congregations, which increased the demand for construction land for offices, factories,
and residential areas in Ningbo. Second, the establishment and development of the land market
increased land supply, which dramatically promoted urban expansion and related land use changes.
The influences of globalization could be mainly attributed to the competition for foreign direct
investment, mainly through the establishment of development zones, which contributed to the
expansion of construction land. In terms of decentralization, a primary responsibility was generated
for local government to promote economic development and employment. To secure extrabudgetary
revenues and to provide promotion opportunities, local officials had strong incentives to lease most of
the land for industrial, residential, and commercial purposes [67,68]. These factors contributed to the
expansion of construction land in Chinese cities in general, and Ningbo was not an exception.

Agricultural land transitioned from a net decrease during 1990-2005 to a net increase during
2005-2016 in Ningbo city. The decrease in agricultural land could be attributed to the expansion
of construction land, whereas construction land was identified as the largest contributor to the
increase in agricultural land. With the ongoing increase in GDP and in the population in Ningbo
during 1999-2016, agricultural land expansion could mainly be explained by the enhancement of
an agricultural land protection policy in 2004. Specifically, agricultural land protection in China
was first documented as a basic state policy by the Central Committee of the Communist Party of
China (CPC) in 1986 [69]. However, the policy did not effectively protect agricultural land, whose
area continued to decrease across China during 1998-2003. In response, strict agricultural land
protection measures were proposed in the Central Committee’s No. 1 Document in 2004, particularly
for prime agricultural land protection. Rules regarding agricultural taxes and land premiums, which
benefited agricultural land protection, were introduced, “Maintaining 120 million ha of Farmland” was
implemented [70,71], and agricultural land protection was given unprecedented attention [27], which
contributed to the transition of agricultural land and to controlling the expansion of construction land in
Ningbo city. The forest was another major contributor to agricultural land expansion. The requirement
of a one-to-one replacement of agricultural land, regulated by the strict agricultural land protection
policies, mandatorily resulted in the transformation of forest to agricultural land in Ningbo city, even
in hilly areas with steeper slopes and higher elevations. This phenomenon was common in most
Chinese cities [27]. In addition to construction land and forest, water bodies became a third contributor
to agricultural land expansion in Ningbo during 2005-2016, mainly due to sea reclamation, which was
originally encouraged by the local government in Ningbo city, especially after 2004 [72,73].

Additionally, we examined why water bodies first expanded during 1990-2000 and then shrunk
during 2000-2016. The expansion was caused by two factors: (1) The construction or expansion
of reservoirs when the Lianghui, Sizaopu, and Yangmeiling reservoirs were constructed, and the
Siminghu and Meixi reservoirs were expanded; (2) the expansion of existing water bodies, such as
rivers, lakes, and sea areas (mainly from agricultural land), which were mainly used for aquaculture [46].
In comparison, the shrinking of water bodies was mainly caused by sea reclamation, which was
encouraged by central and local governments in China as a major source of supplementation of
agricultural land and construction land in coastal cities [74].

Roughly negative correlations were found between the DI values of the major types of land use
transition and two spatial attributes, DCC and DMR. Therefore, these two attributes could be regarded
as factors influencing land use change. Specifically, the closer a given land use type was to a county
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center or to a main road, the more likely it was to undergo land use change. Notably, expansions of
main roads occurred during 1990-2005, but we could not reveal the impacts of changing road networks
on land use change in Ningbo city as it was beyond the scope of this study, but this could be analyzed
in detail in further studies using proper econometric models. Land use change could also be affected
by topographical attributes mainly concentrated in areas with slopes ranging between 2 and 6° and
elevations ranging between 10 and 20 m. Considering the influences of DUC, the radiation ranges
of the municipal city center of Ningbo on land use changes increased as the major types of land use
transition moved outward from the municipal city center during 2005-2016.

4.2. Policy Implications for Spatial Regulations in Ningbo City

This study on land use change and its relations to natural and socioecological factors in Ningbo
city is meaningful, not only for providing more accurate identifications of land use changes and their
major trajectories in coastal cities, but also for providing policy suggestions for local spatial regulations,
which can be applied as practical measures for sustainable development, especially for integrated
water and flooding management in coastal cities [14,18].

Construction land expansion replaces vegetated soils with impermeable surfaces, which usually
results in hydrological alternations, and finally leads to more severe water shortages and increases flood
risks in coastal cities [14]. The persistent occupation of agricultural land and forest by construction
land in Ningbo city implies that this city may have suffered an increased risk of flooding in the
case of extreme weather during the study period. The good news is that during 20052016, a large
amount of construction land was reclaimed back to agricultural land concurrently with the occupation
of agricultural land by construction land, and agricultural land experienced a net increase overall.
However, the newly gained agricultural land plots from construction land reclamation were usually
small in size and distributed discretely: They were at considerable risk of being reconverted to
non-agricultural use or being abandoned [46,75]. As prime agricultural land can be strictly protected
by agricultural land protection policies, the identification of reclaimed construction land as prime
agricultural land is suggested as one of the key issues in spatial regulation when aiming to guarantee
the agricultural use of reclaimed construction land. The government should also accelerate the drawing
of the redline of urban sprawl—the urban growth boundary—and control the occupation of agricultural
land and forest by construction land outside the line [76]. This, together with the construction and
improvement of urban storm drainage systems, can contribute to the integrated and sustainable
management of water and a reduction in flood risk in Ningbo city. Improvements in construction
land use efficiency should be highlighted in spatial regulations for promoting the sustainable use of
construction land, with a concern for strict agricultural land protection policies that provide less space
for construction land expansion [77].

Besides construction land, there were two other major sources for newly gained agricultural land:
Forests and water bodies. Change from forest to agricultural land was identified as a major land use
transition type, both during 1990-2005 and 2005-2016, and it mainly occurred in low-hilly regions with
slopes ranging between 2 and 6° and elevations ranging between 10 and 20 m. With forest degradation
in low-hilly areas, agricultural land reclaimed from forest tended to move up to hilly areas with steeper
slopes (6-15°) and higher elevations (30—40 m). However, the transition of agricultural land from
plain regions with good land quality to hilly regions with poor land quality could decrease local
land productivity and negatively affect food security [46]. Therefore, more attention should be paid
to the protection and improvement of agricultural land quality. There are a series of ecological and
environmental problems accompanying forest degradation that should not be neglected. Specifically,
forest degradation, especially its major representation, soil erosion, can affect the landscape’s ecological
stability and increase ecological risk [78]. Forest degradation can also increase surface runoff and
decrease groundwater recharge, which finally results in water shortages and increased flood risk and
flood severity in coastal regions [79,80]. Besides, a loss of biodiversity is an inevitable consequence
of forest degradation and its accompanying agricultural intensification [81,82]. In this context,
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forest degradation in coastal hilly areas should be strictly controlled through spatial regulations.
A delimitation of an ecological redline can act as a powerful tool that should be implemented, and
relevant forest areas should be protected rigorously from deforestation [83].

Water body was another source of agricultural land expansion, and the change from water
body to agricultural land was mainly concentrated along coastal areas as a result of sea reclamation.
Sea reclamation is common for most coastal cities [84], and agricultural land reclaimed from the sea,
such as that reclaimed from lakes, usually manifests as large plain areas, which are beneficial for scale
farming [85]. However, reclamation can result in an increase in salinity due to impeded runoff [86] and
in a deterioration of the marine ecological environment (such as with water pollution and a decline in
sea life) [87,88]. Coastal cities with sea reclamation usually face potential disaster risks related to coastal
flooding under future climate change conditions [74]. As a result, sea reclamation was restrained by the
Chinese central government in 2018, and it is forbidden to reclaim any more agricultural land from the
sea [89]. Given this context, more attention should be paid in spatial regulations to existing reclaimed
agricultural land, and specific measures, including monitoring soil pH changes, planting salt-tolerant
crops, and constructing drainage systems, are suggested not only to guarantee land quality, but also to
facilitate flood discharge. The reconstruction of coastal marsh ecosystems, such as planting mangroves,
is also recommended, as it is beneficial for the conservation of fresh water and the mitigation of coastal
disasters [13,90].

5. Conclusions

In this study, an integrated approach incorporating GIS, remote sensing images, RF classification,
LUTM, and DI values was applied to analyze the features of land use change and the spatial variations
in the major types of land use transitions by groups of spatial attributes in Chinese coastal cities
during the rapid urbanization period of 1990-2016, taking Ningbo city as an example. Land use
change in Ningbo could be characterized by a rough expansion of construction land, a transition
from a decrease to an increase in agricultural land, and a rough decrease in forest area during the
study period. The study period was divided into two stages, considering the different changing
trajectories and different major types of land use transition in Ningbo city. The first stage (1990-2005)
was mainly characterized by the expansion of construction land through occupying agricultural
land and forest, while the second stage (2005-2016) was mainly characterized by the expansion of
construction land through the occupation of agricultural land and the simultaneous expansion of
agricultural land reclaimed from construction land, forests, and water bodies. The spatial variations in
major types of land use transitions on the basis of spatial attributes indicated that during the study
period, the major occurrences of land use transition were mainly located near county centers adjacent
to main roads and the coastline and in areas with slopes ranging between 2 and 6° or elevations
ranging between 10 and 20 m. We also found differences between the two stages: The rapid expansion
of construction land during 1990-2005 changed to a dynamic equilibrium represented by similar
amounts of conversions between construction land and agricultural land during 2005-2016; transitions
from forest to agricultural land tended to occur in areas with larger slopes (6-15°) or higher elevations
(2040 m), moreso during 2005-2016 than during 1990-2005; and a large amount of agricultural land
was reclaimed from the sea, which was a new feature of land use change during 2005-2016.

Although rapid construction land expansion has been controlled and agricultural land has
been effectively protected, other land use issues, such as reconversion and abandonment of reclaimed
construction land, degradation of coastal agricultural land, and forest degradation in hilly areas, should
be focused on in Ningbo city. Thus, we provided policy suggestions on spatial regulations, including
the protection of reclaimed agricultural land, an improvement in the efficiency of construction land,
and control of forest conversion in hilly areas, which would be beneficial for sustainable development
and especially water and flood management, not just in Ningbo but also in other coastal cities
experiencing similar processes of urbanization and land use change.
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