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Multitemporal Landsat images were used to develop land-use
maps. Area statistics and transition matrices were employed to
explore the Ie.and-use ghange; meanwhile, annugl gxpan.sion rate expansion; change
(AER), expansion contribution rate (ECR), and district-, ring-, and detection; spatiotemporal
sector-based analyses were employed to analyze the urban analysis; remote sensing
expansion. The results showed that there was a large transition

from agricultural and unused lands to other uses. This resulted in

an expansion of developed areas, recreational regions, mining

sites, and water surfaces, a drastic decline of agricultural land for

annual crops, and a fluctuation of perennial cropland and unused

land. The study also indicated that the urban area has expanded

65 times within 25years at an increasing rate. The AER and ECR

were uneven between subregions, and there was a gradual

expansion and shift from south to north of the province. The fac-

tors affecting the changes comprise natural conditions, develop-

ment histories, policies and practices for urbanization,

industrialization, and agricultural development, and product price

fluctuations in the market. Practical lessons learned from this

study could be useful for land planning and policymaking in

other localities.
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1. Introduction

Land-use change has various impacts on the environment and human life, such as run-off
characteristics (Sajikumar and Remya 2015), landscape pattern (Zhang et al. 2010;
Dadashpoor et al. 2019), land surface temperature (Zhang and Sun 2019), soil erosion
(Nampak et al. 2018), as well as biodiversity and ecosystem services (Tolessa et al. 2017;
Trisurat et al. 2019). Therefore, studies on land-use change are crucial to resource and
environmental monitoring as well as land management policymaking (Nampak et al
2018). Land-use changes are caused by both natural and anthropogenic factors (Serra
et al. 2008; Msofe et al. 2019). In terms of anthropogenic factors, activities and policies
relating to urban expansion, industrialization, agricultural development, and exploitation
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of natural resources strongly influence land-use change. Among them, urbanization and
industrialization often lead to rapid, strong, and one-way transformation, especially in
developing countries (Pham and Yamaguchi 2011; Kantakumar et al. 2016; Rimal et al.
2017; Fenta et al. 2017; Andrade-Nunez and Aide 2018; Cao et al. 2019; Sumari et al.
2020). However, the availability of accurate information on spatiotemporal land-use
changes, urbanization status, urbanization rates, and their driving factors in localities is
often untimely even though it is essential (Kantakumar et al. 2016).

Remote sensing (RS) is a reliable tool for land cover and land-use monitoring (Toure
et al. 2018). RS databases are increasingly diverse in quantity and quality, meeting differ-
ent needs. With easy access and acquisition of images, such as MODIS, Landsat, and
Sentinel, research related to the interpretation of RS imagery has become proactive and
cost effective. Moreover, the development of image processing and classification techni-
ques has increasingly improved the accuracy of results (Lu et al. 2011; Shao and Lunetta
2012; Noi and Kappas 2017; Toure et al. 2018; Quan et al. 2020). The combination of RS
and spatial analysis techniques in geographic information systems allows researchers to
detect land cover and land-use change more easily and timely. This has been confirmed
in many studies in the literature on a local (Wu et al. 2006; Rawat and Kumar 2015;
Tadese et al. 2020), national (Sdnchez-Cuervo et al. 2012; Schoeman et al. 2013; Xu et al.
2020), continental (Mertes et al. 2015; Netzel and Stepinski 2015) and global scale (Giri
et al. 2013; Li et al. 2017).

Binh Duong province is a province located in the Southern Key Economic Zone of
Vietnam. Over the past 25years, Binh Duong has emerged as a typical area of rapid
urbanization and industrialization. As a consequence, the land-use change took place dra-
matically. However, a study on spatiotemporal land-use change and urban expansion in
Binh Duong is still a gap. Thus, it is necessary to study these issues in this area. Such
study helps explore not only the pattern of land-use change and urban expansion but also
the factors influencing these processes. From there, some practical experience can be
learned for land-use planning and policymaking in other areas not only in Vietnam but
also in other countries.

Therefore, this study aims to (1) explore the spatiotemporal dynamics of land-use in
Binh Duong province from 1995 to 2020, (2) analyze the urban expansion and its orienta-
tion over the past 25years, and (3) analyze the factors affecting the land-use change and
urban expansion of Binh Duong province.

The rest of this paper is organized as follows. Section 2 introduces the study area.
Section 3 describes the data and methods used. The results are reported in Section 4. In
Section 5, a discussion and recommendation are given. Finally, the conclusions are pre-
sented in Section 6.

2, Study area

Binh Duong province is located in the Southeast region of Vietnam, covering approxi-
mately 2,694.64 km?, with a total population of about 2.5 million as of 2019 (Binh Duong
Statistical Office 2020). Administratively, as of 2020, the province was divided into five
urban districts (also known as cities and towns) and four rural districts (Figure 1). Thu
Dau Mot city is the administrative-economic—cultural centre of Binh Duong province.
Since its reestablishment in 1997, the urbanization and industrialization process of the
province has been extremely rapid. In 1995, the urbanization rate, which was calculated
as a percentage of the urban population per total population, accounted for only 17.51%;
in 2019, the rate reached 79.86% (General Statistics Office of Vietnam 2020). The first
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Figure 1. Study area.

industrial park, i.e. Song Than 1, was established in 1995. As of 2019, Binh Duong has
29 industrial parks and 12 industrial clusters, with an average occupancy rate of over
70% in which more than 90% of many of them have been filled. Binh Duong is cur-
rently considered the ‘industrial capital’ of Vietnam. The development of industry has
considerably contributed to the economic development of the province. The gross
regional domestic product at current prices increased from VND 3,915 billion in 1997
(industry and construction accounted for 50.4%) to VND 48,761 billion in 2010 (indus-
try and construction accounted for 63%) and 360,797 billion in 2019 (industry and con-
struction accounted for 66.77%) (Binh Duong Statistical Office 2016; Binh Duong
Statistical Office 2020). Owing to the expansion of the urban and industrial areas as
well as other human activities, the land cover, and land-use in the province have signifi-
cantly changed over the past 25 years.

3. Material and methods

The overall workflow consisted of selection of time points and satellite images, prepro-
cessing, generation of land use maps according to the method of Bui and Mucsi (2021),
accuracy assessment, change detection, and urban expansion analysis. The classification
steps for generating land-use maps were performed in ERDAS IMAGINE 2020 and R
software; meanwhile, other analysis steps were performed in QGIS 3.10 software. The
workflow is illustrated in Figure 2 and some highlights of the process followed are
described below.

3.1. Selection of time points and satellite images

The Landsat level-2 surface reflectance images (projection: WGS 84/UTM Zone 48N,
path/row: 125/52) were employed in this study. The images were ordered and downloaded
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from the United States Geological Survey website (via the link: https://earthexplorer.usgs.gov/).
A survey of the availability and quality of Landsat images from 1994 to 2020 (hereinafter, ref-
erenced years) in the study area was conducted to select suitable images and time points for
the classification process. To generate the land-use map of each year, the method required at
least two cloud-free images as the input for classification. Therefore, the criteria for selecting
the time points and images included the following: (1) The images belong to Landsat-5, —7,
or —8 sensors. (2) There is no error of scan-line corrector for the Landsat-7 images. (3) It is
possible to collect or mosaic to create two cloud-free images in the same year or in two con-
secutive years. As a result, six referenced years were identified to create land-use maps: 1995,
2001, 2005, 2010, 2015, and 2020. The images used at each referenced year are listed in Table
1. No Landsat-7 image was selected because the three mentioned criteria were not met. In
addition, except for 2001, most selected images were in the dry season.
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Table 1. Summary of Landsat images used.

Time point Acquired date Sensor
1995 14-Nov-94 Landsat-5
02-Feb-95 Landsat-5
2001 27-Sep-00 Landsat-5
06-Nov-00 Landsat-5
14-Nov-00 Landsat-5
15-Apr-01 Landsat-5
09-May-01 Landsat-5
2005 11-Dec-04 Landsat-5
11-Feb-04 Landsat-5
13-Feb-05 Landsat-5
2010 09-Dec-09 Landsat-5
11-Feb-10 Landsat-5
2015 24-Jan-15 Landsat-8
29-Mar-15 Landsat-8
09-Feb-15 Landsat-8
2020 06-Jan-20 Landsat-8
23-Feb-20 Landsat-8
07-Feb-20 Landsat-8

3.2. Preprocessing

The Landsat images collected were level 2 images, which have been geocorrected, pro-
jected to WGS84 Zone 48N, and converted to surface reflectance, so they were ready for
use. In this study, bands 2, 3, 4, 5, 6, and 7 for Landsat 8 images and bands 1, 2, 3, 4, 5,
and 7 for Landsat 5 images were used. The preprocessing steps included masking cloud,
mosaicking, subsetting, and stacking. The administrative boundary data downloaded from
the Database of Global Administrative Areas project website (via the link: https://gadm.
org/) were used for the subsetting step. Each year, two subsetted images were stacked to
create a multitemporal image with 12 bands. Then, these multitemporal images were used
as input for the classification.

3.3. Generation of land-use maps

In this study, we employed a classification scheme and method proposed by Bui and
Mucsi (2021) to generate land-use maps of Binh Duong province from 1995 to 2020. This
is a hybrid approach, combining pixel-based and object-based classification with spatial
analysis and decision rules, to generate a land-use map from multi-temporal Landsat
images. This method has proven to be effective in generating highly accurate land-use
maps in the study area.

For classification scheme, the main land-use types in the study can be classified into
eight classes: unused land, industry and commerce, recreation and green space, mixed
residence, mining sites, agriculture with annual plants, agriculture with perennial plants,
and water surface. For the procedure, there are three main steps to produce a land-use
map including pixel-based classification to generate land cover map (Step 1), object-based
classification and spatial analysis to extract land-use function regions (Step 2), and the
combination of the land cover map and function region in a set of decision rules to pro-
duce the final land-use map (Step 3). A detailed description can be found in the men-
tioned study.

During Steps 1 and 2, the random forest classifier was applied to both pixel- and
objected-based classifications. The training data were collected based on the field survey
between January and February 2020, Google Earth history images, and our personal
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experiences. For consistency, the parameters of mtry and ntree were set to default values
at all classification rounds, i.e. the mtry was equal to the square root of the total number
of variables, and the ntree was 500 trees. Further, a 3 x 3 majority filter was applied to
reduce the ‘salt-and-pepper’ noise instead of the clump and eliminate in Step 1. Other
parameters in this stage were set similar to the study of Bui and Mucsi (2021).

In addition, to increase the accuracy of results, several additional works were per-
formed manually as follows: (1) Some land-use function regions were added manually
after Step 2. They included the regions that could not be automatically formed due to
some reasons, such as only accounting for a very small area insufficient for training and
classification (e.g. industry and commerce regions in 1995, golf courses in 1995, 2001,
2005), being excluded after spatial analysis within Step 2 (e.g. small and discrete patches
of recreation area and mining site), or being entertainment complexes (e.g. the Dai Nam
wonderland and new city park). (2) A 30-m buffer was applied to the mining function
regions in Step 2 to make their boundary precise. (3) In the land cover maps generated
after Step 1, some easily observable areas where barren lands were misclassified into
impervious surfaces were corrected. Consequently, six land-use maps for the six refer-
enced years were developed.

3.4. Accuracy assessment

The accuracy of the extracted land-use maps was assessed based on the overall accuracy
(OA), user’s accuracy (UA), and producer’s accuracy (PA). To collect the validation data,
we applied the stratified random sampling method with a compromise approach proposed
by Congalton and Green (2019). In each map, 1,000 points were generated randomly.
Among them, the minimum points for each class were set to 50 points, and the other
points were allocated proportionally to the area of each class. The advantage of this
method is that it can ensure that the distribution of validation points was proportional to
the area of each land-use type, whereas the PA and UA of the rare classes were statistic-
ally significant (Congalton and Green 2019). The generated points were then visually
interpreted and labelled based on the Landsat images, Google Earth history images, and
our personal experiences. The allocation of validation points in each map is listed in
Table 2.

There is no common threshold for the acceptable accuracy rate in the literature
because it depends on the purpose of the research (Congalton and Green 2019). In this
study, we adopted the values given by Thomlinson et al. (1999) where OA was at least
equal to 85% and PA and UA of classes were equal to or greater than 70%.

Table 2. Allocation of validation points (unit: points).

Year

Class 1995 2001 2005 2010 2015 2020
Unused land 90 66 89 106 111 105
Industry & Commerce 50 51 53 59 65 75
Recreation & Green space 50 50 50 50 52 53
Mixed residence 51 55 62 70 80 100
Mining site 50 50 51 50 50 50
Agriculture with annual plants 171 158 129 83 72 70
Agriculture with perennial plants 474 504 502 514 502 480
Water surface 64 66 64 68 68 67

TOTAL 1000 1000 1000 1000 1000 1000
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3.5. Change detection and urban sprawl analysis

Besides statistics on the area accounted for by each land-use type in each year, transition
matrices were employed to assess the detailed ‘from-to’ change between land-use classes
in different years. It is a common approach in land-use change studies to compare maps
between different time points (Zhang et al. 2017). The rows of the transition matrix rep-
resent the land-use classes of the former time point (T1), whereas the columns represent
the ones of the later time point (T2). The main diagonal elements indicate the landscape
area that shows the persistence of class i. Off diagonal entries indicate a transition from
class i in T1 to a different class j in T2.

Urban sprawl is defined as ‘the spreading of urban developments (such as houses and
shopping centres) on undeveloped land near a city’ (Merriam-Webster 2022). Although
some studies distinguished the terms ‘urban expansion’ and ‘urban sprawl’ (Amponsah
et al. 2022; Pratama et al. 2022), most studies in the literature used the two terms with
the same meaning. In this paper, we also used them interchangeably. To analyze the spa-
tial and temporal processes of the urban expansion, the land-use maps were first reclassi-
fied into two: urban and nonurban. In this study, the urban area was considered as both
mixed residential regions as well as industrial and commercial zones; meanwhile, other
land-use types belonged to the nonurban area. Afterward, the annual expansion rate
(AER) and expansion contribution rate (ECR) were calculated to measure the characteris-
tics of the urban sprawl of each administrative unit of Binh Duong province. The metrics
were defined by Kantakumar et al. (2016) as follows:

By .\ —By:
AER = 2B 200 (1)
t, — f
Bl —Bis,
ECR = —:2) " 201) o 1000 )
B,, — By,

where AER is the annual urban expansion rate during the period (in km”year '), ECR is
the percentage share of urban expansion of an individual administrative unit in the study
area (in percent); B, is the built-up area within administrative unit i at time # (in km?),
and Bj; is the total built-up area in the study area at time ¢

In addition, we employed the ring- and sector-based analyses. A ring-based analysis is
a spatial analysis based on concentric circles separated by a certain distance, meanwhile, a
sector-based analysis is based on sectors (i.e. fan-shaped areas) that have the same central
vertex but in different orientations. These approaches have proven their effectiveness in
exploring the spatial distribution of urban areas in terms of distance and orientation rela-
tive to a predefined urban centre point (Yin et al. 2011; Jiao 2015; Peng et al. 2015; Rimal
et al. 2017; Acheampong et al. 2018; Cao et al. 2019). Analyzing urban expansion in terms
of distance and orientation is important because it can reveal the pattern of urbanization,
and it also can reflect the impact of land-use planning and policies on the urbanization
process. In these analyses, defining a place as the urban centre point is an essential
requirement. We considered the Thu Dau Mot market as the urban centre. From this
point, 32 buffer zones with a distance of 2km and 16 sector fans with an angle of 22.5°
were generated to measure the distance and orientation, respectively (Figure 3). After
that, the buffer zones and sectors were overlaid with land-use maps. The urban area was
then summarized in each buffer zone and sector.
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Figure 3. Ring- and sector-based analyses.

Table 3. Accuracy of extracted land-use maps.

v 1995 2001 2005 2010 2015 2020
ea
Class PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%) PA (%) UA (%)

L 70.8 75.6 80.0 788 733 83.1 82.7 81.1 87.5 88.3 80.2 88.6
IC 88.2 90.0 71.0 86.3 78.8 98.1 82.8 89.8 87.5 86.2 87.7 85.3
RG 95.9 94.0 973 720 91.7 88.0 95.9 94.0 98.1 98.1 90.2 86.8
MR 81.4 94.1 73.6 70.9 90.7 79.0 75.0 81.4 80.5 87.5 82.4 75.0
MS 92,6 100 94.2 98.0 96.2 98.0 96.0 96.0 100 98.0 98.0 96.0
AA 83.5 80.1 83.7 81.0 79.4 77.5 84.0 75.9 81.7 80.6 77.8 80.0
AP 93.7 914 93.9 94.2 95.1 924 953 94.9 96.8 96.2 94.0 94.6
WS 98.5 100 91.7 100 96.9 98.4 94.3 97.1 98.5 95.6 100 97.0

OA = 89.2% OA = 88.9% OA = 89.6% OA = 90.8% OA = 93.0% OA = 90.1%

Note: OA =overall accuracy; PA=producer's accuracy; UA=user's accuracy; UL=Unused land; IC=Industry &
Commerce; RG = Recreation & Green space; MR = Mixed residence; MS = Mining site; AA = Agriculture with annual
plants; AP = Agriculture with perennial plants; WS = Water surface.

4. Results
4.1. Accuracy of extracted land-use maps

The OA of the extracted land-use maps in 1995, 2001, 2005, 2010, 2015, and 2020 were
89.2%, 88.9%, 89.6%, 90.8%, 93.0%, and 90.1%, respectively. The PA of the maps ranged
from 70.8% to 100%, whereas the UA ranged from 70.9% to 100% (Table 3). These results
showed that the maps are suitable for land-use change analyses.
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Figure 4. Land-use maps of Binh Duong province in the referenced years.

4.2. Land-use dynamics

The land-use maps in Binh Duong province at six time points are illustrated in Figure 4,
and the detailed dynamics of each class from 1995 to 2020 are presented in Figure 5 and
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Figure 5. Dynamics of land-use in (a) proportion and (b) area.
Table 4. The annual change rate of each land-use type in each period (in km”year™).
Land-use type 1995-2001 2001-2005 2005-2010 2010-2015 2015-2020
Unused land —17.6 25.0 15.4 44 —49
Industry & Commerce 0.6 1.9 5.7 5.2 8.9
Recreation & Green space 0.1 -0.1 0.8 0.6 0.8
Mixed residence 2.8 8.5 6.6 8.9 17.9
Mining site 0.0 0.4 0.2 0.3 0.2
Agriculture with annual plants —10.0 —329 —40.9 —9.7 —22
Agriculture with perennial plants 23.0 —0.9 8.7 -9.9 —20.3
Water surface 1.0 -2.0 35 0.1 —0.3

Table 4. In addition, a transition matrix of land-use types between 1995 and 2020 was

developed (Table 5).

In terms of spatial distribution, mixed residential areas, industrial and commercial
zones, recreation areas, and quarries were concentrated in the south of the province, and
the north was mainly agricultural land for perennial plants; meanwhile, the fields of
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Table 5. Transition between land-use classes from 1995 to 2020 (in km?).

Transition Summary
202
1995 uL IC RG MR MS AA AP WS Loss Gain Total loss/gain

UL 26.1 21.1 13 224 0.4 2.6 103.8 1.1 152.7 222.2 69.5
IC 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.1 109.9 109.7
RG 0.0 0.0 0.3 0.1 0.0 0.0 0.0 0.0 0.1 1.8 1.7
MR 0.1 06 00 40 00 0.0 0.1 0.0 09 2188 217.9
MS 0.1 00 00 0.1 03 0.1 03 0.3 0.9 6.5 5.6
AA 40.1 17.9 2.6 48.1 34 59.1 3579 14.7 484.8 29.5 —455.3
AP 181.5 69.9 79 147.8 2.7 259 1459.0 4.1 439.8 466.5 26.7
WS 0.3 02 0.1 02 00 1.0 43 581 6.1 20.2 14.1

Note: UL=Unused land; IC=Industry & Commerce; RG=Recreation & Green space; MR=Mixed residence;
MS = Mining site; AA = Agriculture with annual plants; AP = Agriculture with perennial plants; WS = Water surface.

annual plants were mainly distributed along rivers, canals, and streams of the Sai Gon-
Dong Nai river system. Agriculture with perennial plants was always the dominant class
in the study area, with a proportion of 70.5% or more. In general, it is clear that from
1995 to 2020, a large amount of the agricultural land and unused land was converted to
other uses. This conversion led to a strong change in the proportion between each land-
use class over the past 25 years.

Between 1995 and 2020, there was a dramatic continuous upward trend in the mixed
residential areas as well as industrial and commercial zones. In 1995, the area of mixed
residence only accounted for 4.9 km? It rose to 21.9km? in 2001, 133.5km?* in 2015, and
222.8km? in 2020. Similarly, from occupying an area of only 0.2km* in 1995, the indus-
trial and commercial zones expanded to 11.3km? in 2005 and 110.0km? in 2020. As a
result, the mixed residential areas as well as industrial and commercial zones expanded by
a total of 217.9 and 109.7 km?, respectively, within the 25years. These expansions took
about 217.7, 66.0, and 43.5km> from perennial cropland, annual cropland, and unused
land, respectively.

Although not as dramatic as the two built-up classes, the recreation, green space, and
mining sites also had an uptrend in its area. From 1995 to 2005, the area of recreation
and green space increased slightly from 0.5 to 0.8 km?. After that, it increased rapidly to
12.1km? in 2020. To tradeoff for this expansion, the areas of perennial plants, annual
crops, and unused land reduced a total of 7.9, 2.6, and 1.3 km?, respectively. Meanwhile,
the mining sites experienced continuous growth from 1.2km” in 1995 to 6.8km” in 2020
for the 25years. This expansion took a total of 6.5km” from agricultural and unused
land, whereas, since 2005, some quarries in Di An district have been closed permanently
and converted to other land uses.

During the study period, 6.1km” of water surface were occupied for other purposes,
mainly for agricultural activities. Meanwhile, 20.2km” of water surface were added,
mainly from agricultural land, unused land, and mining sites. Consequently, although
there was a fluctuation over time, the water surface area increased from 64.2km” in 1995
to 78.3km” in 2020.

Contrariwise, although supplemented by the conversion from other types, the area of
agriculture with annual plants continuously decreased significantly over the 25years. The
area of annual plants reduced by 83.7%, from 543.9km* in 1995 to 88.6km” in 2020.
From occupying more than 20% of the province’s area, its proportion reduced to only
3.3%. In which, the nine-year period from 2001 to 2010 was the period that experienced
the most dramatic decline. Meanwhile, the change in agricultural land for perennial plants
can be categorized into two main trends: upward from 1995 to 2010 and downward from
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2010 to 2020. The area increased from 1,898.8 km” in 1995 to 2,076.5km” in 2010 before
reducing to 1,925.5km?” in 2020. In addition to the conversion to other types of land-use,
there was a transition between annual and perennial croplands over the studied period.
About 357.9km? of annual cropland was converted into perennial cropland from 1995 to
2020. Besides, about 25.9km’> of perennial croplands have been converted into
annual croplands.

In terms of unused land, there was a fluctuation over the 25vyears. Its area decreased
from 1995 to 2001 and from 2015 to 2020; meanwhile, it increased from 2001 to 2015. In
the 25years, the total unused land area converted to other purposes was 152.7 km?
mainly for re-cultivation and construction. In addition, 222.2km” of other classes, mainly
from agricultural land, were temporarily converted to unused land. Therefore, from
accounting for 178.8km” in 1995, Binh Duong province had approximately 248.3km* of
temporarily unused land in 2020.

4.3. Urban expansion analysis

The pattern of urban expansion in Binh Duong province is illustrated in Figure 6. The
study result revealed that the developed area in Binh Duong province expanded rapidly,
nearly 65 times, from 5.1km? in 1995 to 332.8km? in 2020. In addition, the gradual
increase in the slope of segments in the line graph in Figure 6 indicates that the urban
sprawl rate of the following period was always higher than that of the previous period.
The AER increased from 3.4km’year ' in 1995-2001 to 6.9, 10.2, 11.8, and
22.3 1<In2.year_l in the periods of 2001-2005, 2005-2010, 2010-2015, and 2015-2020,
respectively.
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Figure 6. Urban expansion in Binh Duong province from 1995 to 2020.
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Table 6. Annual expansion rate (AER in kmz.y”) and expansion contribution rate (ECR in percent) of districts.

1995-2001 2001-2005 2005-2010 2010-2015 2015-2020
District Type AER ECR AER ECR AER ECR AER ECR AER ECR
Thu Dau Mot Urban 0.6 16.2 0.9 8.6 2.5 20.2 2.9 20.8 35 13.3
Thuan An Urban 1.1 33.0 4.1 39.2 2.1 16.8 3.0 21.4 2.0 7.5
Di An Urban 13 38.1 3.1 299 1.6 13.4 23 16.0 1.0 37
Tan Uyen Urban 0.2 5.9 12 1.1 17 14.3 3.6 253 6.0 224
Ben Cat Urban 0.1 33 0.8 7.9 2.7 21.8 14 9.8 57 21.5
Phu Giao Rural 0.0 0.2 0.2 15 0.3 22 0.3 2.2 2.2 8.1
Dau Tieng Rural 0.0 0.7 0.1 0.7 0.3 2.8 0.1 0.5 15 5.5
Bau Bang Rural 0.1 23 0.1 0.5 0.5 44 0.1 0.8 2.8 10.5
Bac Tan Uyen Rural 0.0 0.3 0.1 0.7 0.5 4.1 0.5 33 2.0 7.6

However, the analysis result showed that the growth rate and contribution to the urban
expansion among districts were not equal (Table 6) in each period. For urban districts, Di
An and Thuan An districts had the highest two urbanization rates in the province from
1995 to 2005; their rates reached 3.1 and 4.1 km”.year ', respectively. Thus, they were the
main contributors to the urban expansion of the entire province in that period, with the
ECR of each district ranging from about 30%-40%. However, in later periods, the urban-
ization rate of these two districts tended to decrease. Meanwhile, the AER of Tan Uyen,
Ben Cat, and Thu Dau Mot gradually increased, and they shared, in turn, the top posi-
tions of main contributors from 2005 to 2020. In particular, the period of 2015-2020 wit-
nessed an extremely rapid urban expansion of Tan Uyen and Ben Cat at an AER of
approximately 6.0km?year ', whereas the AERs of Di An and Thuan An decreased to
within 1.0-2.0 km®.year . For rural districts, urban areas have only expanded significantly
since 2015. The most significant was Bau Bang achieving an AER of 2.8 km*.year 'and an
ECR of 10.5%, whereas other districts had an AER between 1.5 and 2.2 km’.year '

The results of the sector- and ring-based analysis were illustrated in Figures 7 and 8,
respectively. Within 25 years, there has been a shift in the direction of urban expansion in
the study area (Figure 7). From 1995 to 2015, the developed areas mainly expanded in
the Southeast and East-Southeast directions from the urban centre point. However, since
2005, besides these two main directions, the urban area has been gradually expanded in
the north and east directions, including Northwest, North-Northwest, North,
North-Northeast, Northeast, East-Northeast, and East. Besides, from 2015 to 2020, the
expansion to the north direction was stronger, whereas the expansion in the Southeast,
East-Southeast, and East directions decreased significantly. Because this study was based
on the administrative boundary, and Thu Dau Mot market--the predefined urban cen-
ter——was located on the east bank of the Saigon River, whereas the west bank was the Ho
Chi Minh City, there was almost no urban development in the directions from
South-Southwest to West-Northwest (in the clockwise direction).

In addition, urbanization occurred strongly within 22km from the urban centre over
the 25years (Figure 8). This zone encompasses the centre area of Thu Dau Mot city
within 4km and the Thuan An, Di An, Tan Uyen, and Ben Cat districts within a distance
of 6-22km from the urban centre. The outward movement of peak value from the dis-
tance of 10km to 14km indicated that the urban areas expanded strongly in the direction
of gradually moving away from the urban centre. Meanwhile, from the distance of 22km
onward, urbanization seemed to have only begun to accelerate since 2015, mainly in some
central areas of the rural districts, yielding small peaks at distances of 26, 30, 40, and
46km from the urban centre.

Overall, the results of the district-, sector-, and ring-based analyses clearly showed that
urbanization gradually expanded and shifted from the south to the north of the province
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Figure 8. Variation in urban area by distance from urban centre from 1995 to 2020.

during the 25years. Before 2005, urban expansion mainly took place in Thuan An, Di
An, and southern Thu Dau Mot. In the periods after 2005, the urban expansion rate in
the southern districts decreased because the industrial activities in these localities had sta-
bilized, the districts were almost filled by mixed residential areas and industrial zones.
Afterward, industrial zones and mixed residential areas rapidly expanded to Tan Uyen,
Ben Cat, and northern Thu Dau Mot as well as spread to rural districts at an increasingly
rapid rate.

5. Discussions
5.1. Factors affecting land-use change from 1995 to 2020

In summary, the common trends in land-use change over the 25years in Binh Duong
province is the conversion from agricultural land and unused land to other types of land-
use. These changes are attributable to urbanization and industrialization, agricultural
development policies and practices, natural conditions, and rubber price fluctuation. This
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section mainly discusses the factors causing the transition of agricultural land, unused
land, water surface, mining activity, and recreational areas. The factors leading to rapid
urban expansion in the province are discussed in Section 5.2.

Urbanization and industrialization are the primary causes of change. They lead not
only to the inevitable expansion of built-up areas but also to other changes. These proc-
esses increase the demand for building materials for housing, industrial infrastructure,
transportation systems, etc. (Schiller et al. 2020). Products of quarries in Binh Duong
province serve the needs of not only the province but also neighbouring provinces.
Consequently, although the mining activity may cause damages to the landscape, ecosys-
tem, environmental quality, and health of people living around these areas (Bui et al.
2020; Vandana et al. 2020), the expansion of stone quarries occurred continuously during
the 25years. In addition, urban development includes not only the construction of resi-
dential, commercial, and industrial regions but also the establishment of amenity, relax-
ation, and leisure areas (Ty et al. 2014) as well as green space. In the period 1995-2005,
there was only one recreation area, i.e. the Song Be golf course, and a few industrial
parks. From 2005, many other recreation areas were formed, including the Dai Nam won-
derland (2008), new city park (2009), Twin Dove golf course (2010), Harmonie golf
course (2018), and Mekong golf course (2019). In addition, many new industrial parks
were established and put into operation. The emergence of these areas caused the area of
recreation and green space to increase rapidly. Overall, it can be observed that the major-
ity area of the mentioned transition during the process of urbanization and industrializa-
tion is from agricultural land and unused land.

The changes in water surface area mainly came from the operation of the Dau Tieng
reservoir, agricultural and aquacultural activities, hydrological regime, and the accumula-
tion of rainfall water in exquarries. In addition, the construction of the Phuoc Hoa irriga-
tion dam on Be River in the northern part of the province contributed to an increase in
the water surface area since the 2010s. Phuoc Hoa Dam locates between Binh Duong and
Binh Phuoc provinces and is connected to the Dau Tieng reservoir. This project has sig-
nificant roles in supplying domestic and industrial uses and irrigation of more than
58,360 ha of agricultural land in Binh Duong, Binh Phuoc, Ho Chi Minh City, Tay Ninh,
and Long An. Besides, the dam helps improve the environment and water quality in the
downstream areas of the Sai Gon and Vam Co Dong rivers (Vu Van and Nguyen
Hai 2015).

In addition to the conversion to other types of land-use, there was a transition between
annual and perennial croplands over the studied period. In fact, the conversion from
annual cropland into perennial cropland was mainly from low-yielding crops to higher-
value perennial trees, such as rubber, pepper, cashew, and fruit trees, which were more
favourable with the climate and soil of Binh Duong. Especially before 2011, owing to the
continuous growth in demand for rubber leading to its price increase (Fox and Castella
2013; Hurni and Fox 2018), the conversion to rubber plantations was common in the
northern part of the province. The expansion of rubber farms was also a general trend
occurring in many other localities in Vietnam and Southeast Asia during this period. The
rubber plantation area in Vietnam increased from 3,950 km? in 1999 to 5,500 km? in 2007
(Fox and Castella 2013), mainly in the central highlands and southern part. Meanwhile,
in the entire Mainland Southeast Asia, 74,960 km® of land was converted to rubber farms
from 2003 to 2014, of which 30% was conversions from low vegetations (mainly annual
crops) (Hurni and Fox 2018). In addition, since 2010, the province has had an agricul-
tural development planning policy until 2020, in which priority is given to the expansion
of areas specialized in rubber, fruit trees, and safe vegetables. Therefore, the area planted
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with annual crops continued to be replaced by perennial crops (People’s Committee of
Binh Duong Province 2010; People’s Committee of Binh Duong Province 2018).
Meanwhile, the conversion from perennial croplands into annual croplands is mainly due
to the impact of the sharp drop in rubber prices since 2011 (Hurni and Fox 2018). Many
farmers have cut down their rubber plantations to grow short-term crops, mainly grass
for animal husbandry. In addition, the agroforestry practices, i.e. the intercropping practi-
ces of the young rubber with annual crops such as legumes, corn, sesame rice, cassava,
papaya, and bananas, are a factor increasing annual croplands in the classified maps.
These issues are also found in other rubber-growing areas (Stroesser et al. 2018; Kusakabe
and Chanthoumphone 2021; Huang et al. 2022; Su et al. 2022). In summary, the transi-
tion between annual and perennial croplands is due to the effects of agricultural develop-
ment policies and practices, natural conditions, and product price fluctuations in
the market.

In the study area, unused land is a type of land-use with special characteristics. It is
considered as the intermediate class in the transition between other classes. Therefore,
besides the variation in area, its spatial distribution is hardly fixed, especially in agricul-
tural regions. The conversion to and from unused land comes from two main reasons:
agricultural activities and planning of urban and industrial development. In the former,
the agricultural land is often converted to unused land and then re-cultivated in a short
time, which can easily be seen in between 1995 and 2001, as an example. In the latter, its
behaviour is more complicated. The planned areas are levelled and converted into bare
land (considered as temporarily unused land) to prepare for construction in the following
stages. However, there is a fact in Vietnam that these areas may be quickly converted into
built-up areas or remain as bare land for a long time depending on the development plan
and investment progress. Therefore, the accumulation of this kind of ‘unbuilt-up’ bare
land coupled with the emergence of new bare land areas for other reasons can cause the
area of unused land to fluctuate over time.

5.2. Factors affecting urban expansion from 1995 to 2020

The orientation of urban development in Binh Duong found in this study clearly reflects
the natural conditions and history of the province as well as the province’s development
policies and land-use planning.

First, Thu Dau Mot city, which is the urban centre of the province, is a long-estab-
lished urban area on the banks of the Saigon River. Along with Thu Dau Mot, there are
some towns developed in the south, such as Lai Thieu, Bung, and Di An. This area had
favourable conditions for urbanization and industrialization such as its location near Ho
Chi Minh City, convenient rail, and road traffic, a long history of urban development,
commercial activities and handicrafts, and dense population (Le 2019). Therefore, after
re-establishing the province in 1997, the provincial government focused on urbanization
and industrialization in the southern region, including Thu Dau Mot, Thuan An, and Di
An (Party Committee of Binh Duong Province 1997; Party Committee of Binh Duong
Province 2001).

Second, since 2007, the government has, in turn, issued decisions on the master plan
for socio-economic development and urban development of Binh Duong province until
2020, with a vision for 2030 (Prime Minister of Vietnam 2007; People’s Committee of
Binh Duong Province 2012; Prime Minister of Vietnam 2014), to upgrade Binh Duong
into a centrally-controlled city (as known as a municipality, Vietnamese: thanh pho truc
thuoc trung U dng) in the period 2020-2030. With the orientation to become an
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‘industrial metropolis’ and develop evenly based on a regional strategy to reduce the
imbalance in urban distribution, the provincial government has expanded the distribution
of industrial zones to the north. Accordingly, the Binh Duong metropolis is divided into
three subregions: (1) Southern urban region (Di An, Thuan An): compact urban model,
high density. (2) Central urban region (Thu Dau Mot, Ben Cat, Tan Uyen): multifunc-
tional and multicentre model, medium density. The administrative-political centre is
moved to the new urban area of Hoa Phu-Phu Tan (as known as the Binh Duong new
city) in the north of Thu Dau Mot, located in the Binh Duong Industrial-Service-Urban
Complex. (3) Northern urban region (the other districts): satellite urban model, low dens-
ity. Under these policies, the urban and industrial areas in Binh Duong gradually
expanded to the north in latter periods.

Third, the increasing urbanization rate of the province stems from industrialization. In
addition to the master plans, a series of flexible policies have been implemented by the
provincial government for industrial development. They comprise policies on land acqui-
sition, development of transport systems and industrial infrastructure, reform of adminis-
trative procedures, attraction of investment capital, and attraction of human resources (Le
2019; Le et al. 2019; Nguyen et al. 2019; Do et al. 2020). These policies can be briefly
summarized as follows: (1) accelerating the land clearance and conversion from agricul-
tural land to urban and industrial land by policies on resettlement, vocational training,
and job creation for people whose land has been acquired; (2) simplifying administrative
procedures to attract domestic and foreign investment to industrial parks; (3) mobilizing
nonbudget capital to develop the infrastructure of industrial zones and improve the trans-
port system based on the build-operate-transfer model; (4) implementing policies on
housing and social benefits for workers. These policies have created a favourable invest-
ment environment and confidence for investors. As a result, investment capital into the
province continuously increased. The total foreign direct investment capitals in the peri-
ods of 2001-2005, 2006-2010, and 2010-2015 were USD 1.8 billion, 5.7 billion, and 10.2
billion, respectively, in which investment capital in industrial zones accounted for 90%
(Binh Duong Statistical Office 2016). In consequence, many projects have been invested,
new factories have been continuously formed and expanded. Since the first industrial park
was established in 1995, as of 2019, Binh Duong has 29 industrial parks and 12 industrial
clusters, with an average occupancy rate of over 70% in which many of them have been
filled over 90%.

Last, as a result of the mentioned policies, the industrial development in the province
created a job market with high and stable income. The monthly average income per cap-
ita at current prices of Binh Duong province and the Southeast region is higher than that
of other regions of Vietnam (Table 7). People tend to migrate from low- to high income

Table 7. Monthly income per capita at current prices of Binh Duong province, economic regions, and the whole
country of Vietnam (in thousand VND).

Year

Region 1999 2010 2019
Binh Duong province no data 2698 7433
Southeast 571 2304 6280
Whole country of Vietnam 295 1387 4295
Mekong River Delta 342 1247 3886
Central Highlands 345 1088 3095
North Central area and Central coastal area 229 1018 3331
Red River Delta 282 1580 5191
Northern midlands and mountain areas 199 905 2640

Source: General Statistics Office of Vietnam (2021).
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Figure 9. (a) Population growth and (b) growth rate in Binh Duong province (1997-2019).

areas (Phan and Coxhead 2010). Career opportunities with high income combined with
housing and social benefits have led to not only the movement of people from rural to
urban areas within the province but also the migration of foreigners (Figure 9), thereby
increasing the population. Industrial development and population growth increased the
demand for housing, transportation, and other utilities, creating a force for the expansion
of mixed residential areas and other facilities. Since 2002, with the explosion of urban
migration, the provincial government first implemented the concept of industrial park
development in association with mixed residential areas and utilities for the planning of
My Phuoc industrial park. This concept was then widely applied to the planning of urban

and industrial zones in later stages.
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Opverall, the pattern of urban expansion in Binh Duong from 1995 to 2020 is the grad-
ual transition from a compact urban form to a dispersed urban form, which is also found
in many other cities in developing regions (Marengo 2015; Sumari et al. 2019; Xu et al.
2019; Xu et al. 2019). This pattern is the result of the combined effects of natural condi-
tions, history, economic development, demographics, land-use and urban planning, and
policies. These findings are consistent with the results of many studies on urban sprawl in
cities around the world (Reilly et al. 2009; Mahendra and Seto 2019; Shao et al. 2021;
Mahtta et al. 2022). Of which, either population growth or economic growth was often
considered the main driver for urban expansion, depending on the regional variations
(Mahendra and Seto 2019; Mahtta et al. 2022). For Binh Duong, the importance of these
two drivers changes over time. This is consistent with the findings of Mahtta et al. (2022)
when they studied the role of population and economic growth in urban land expansion
in more than 300 cities between 1970 and 2014. The authors revealed that although popu-
lation growth was the primary driver, the effect of economic growth has increased signifi-
cantly in importance since 2000, especially in low-income, low-middle-income, and
upper-middle-income countries. They also stated that this increase occurred up to a point.
Population growth, mainly due to migration, would again be an important driver since a
country entered the highest income category. This is what happened in Binh Duong dur-
ing the study period although only on a local scale.

5.3. Take-away for practice

Some practical experience, which may help in land planning and policymaking for other
localities, can be learned from the pattern of land use change and urban sprawl in Binh
Duong province as follow.

e Besides having good land-use and urban planning, focusing on infrastructure develop-
ment, investment attraction, and human resources attraction are essential factors to
accelerate the process of industrialization and urbanization.

e Despite rapid urbanization, inefficient land use (i.e. unused land) remains a dilemma.
Measures to accelerate the progress of projects to increase the efficiency of urban land
use are necessary.

e Urbanization often leads to an impact on the real estate market and causes housing
prices to increase rapidly. This issue needs to be regulated.

e The rapid increase in housing prices due to urbanization along with fluctuations in
agricultural market prices can have a negative impact on the land-use practices of
farmers. It is necessary to regulate these issues to limit the conversion of land use pur-
poses or the conversion of crops to follow short-term market trends.

6. Conclusion

Although the information on spatiotemporal land-use change and urbanization status is
necessary for land-use planning and decisionmaking, it is still lacking in many urban
regions, especially emerging urban areas such as Binh Duong province of Vietnam. By
using land-use maps extracted from multitemporal Landsat images and spatial analysis
techniques, the spatiotemporal pattern of land-use change and urban expansion in Binh
Duong province from 1995 to 2020 were analyzed in this study.

The research results showed that there were different trends in the area variation of
land-use types, and there was a large transition from agricultural and unused land to
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other types of land-use within 25 years. This study also revealed that the urban area of the
province expanded 65 folds within the 25years at an increasing rate. The expansion rates
were uneven between subregions, and there was a gradual expansion and shift from south
to north of the province and spreading to rural districts at an increasingly rapid rate dur-
ing the study period. It led to a gradual transition from a compact urban form to a dis-
persed urban form. The factors affecting land-use change and urban expansion of Binh
Duong province were also discussed. They comprise the natural conditions, development
history, policies and practices for urbanization, industrialization, and agricultural develop-
ment, and fluctuation in the prices of products in the market.

The results of this study reveal a pattern of rapid urbanization in developing countries
under the impact of land policies. Some practical lessons can be drawn from them. They
can lay the groundwork for further studies on urban planning, land management, and
policymaking in other localities not only in Vietnam but also in other countries. Further,
land-use change can also cause adverse effects on the quality of the environment, land-
scape, and human health. Further studies on these issues are required.
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