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ABSTRACT. This study evaluates land use/cover changes (LUCC), urban expansion, and landscape patterns in the Pearl River Delta
(PRD) from 1995 to 2015. Specifically, by analyzing the sp&ti@iporal process and transfer direction of LUCC, as well asdapds

pattern change, human activity and sustainable urban development can be better understood. The results show thaasottestland h
largest area (occupying more than 50%) in all landscape types. The forest coverage rate of the PRD is relativeinhigie, forest

land presents a spatially distributed form of aggregation. Uebahexpansion is primarily driven by population growth and economic
development. The LUCC is imbalanced and shows anayetransition; the proportion of builip land inceased from 7.91% in 1995

to 14.34% in 2015 (urban expansion has nearly doubled in size). Foshan, Guangzhou, Shenzhen, and Dongguan have siggmi the most
ficant expansion of buitip land, primarily through the occupation of large amounts of forestrapthod. The landscape tends to be

more fragmented and diversified. Human activities, as the main driving force, need to avoid the acceleration of thenorpateas

to occupy a large amount of ecological land in future development.

Keywords:land wse/cover change, landscape pattern, landscape heterogeneity, Pearl River Delta

1. Introduction decisions and also for forecasting possible future changes. Ve
lZquez et al. (2003) found that Oaxaca has lost over half-a mil
Land use has generally been considered a local eRvironjion hectares of forested areas during 19@001; the core re
mental issue; however, it is becoming a force of glalal  syits may contribute to the understanding of how LUCC and
portance (Foley et al., 200Bai et al., 200). Land use/cover  G|S methods can provide more targeted information that may

change (LUCC) has essential impacts on regional ecologicahelp to improve enservation policies and land use planning
security and natural succession of ecosystems (Salazar et akyategies.

2015; Yu et al., 2018; Hu et al., 2019). Therefore, studying of

LUCC is desired for sustainable soetalological systems. Tremendous efforts have been made in studying the spa

tial-temporal analysis of LUCC. However, there is a limited re
Previously, there were several types of research on LUCCport in analyzing changes in landscape patterns brought by
which could be classified into four categories: exploring (1) the | ycc and their interrelationships. Moreover, from a China
spatiattemporal analysis of LUCC (Jiao et al., 2019); (2) the perspective, there has been a crucial demand for scientific ba
effects of LUCC (economic impacts, environmental effects, ses to dealing with economic development and-lzse pre
ecological effects, etc.) (Du and Huang, 2017; Gong et al.tection. This is especially true for Pearl River Delta (PRD) as
2020); (3) the driving mechanism of LUCC (Hasselmann et al.,|gcated in the sath of the country and with the highest GDP as
2010; Li et al., 2020); and (4) the scenario prediction of LUCC \e|| as rapid urban expansion.
(Dang and Kaisaki, 201 Gomes et al., 2019). However, the
amount of research on the spatminporal analysis of LUCC
is the most due to it directly reflects the effects of climate
change and human activities on the natural environment. De
wan and Yamaguchi (2009) evaluated L®&nd urban expan
sion in Greater Dhaka using satellite images and smmo
nomic data, which found that the lande maps will contribute
to both the development of sustainable urban-laselplanning

Therefore, as an extension of the previous efforts, the ob
jective of this study is to explore the LUCC and landscape
change in the PRD using the multivariate methods and-varia
bles. Specifically, the purpose entails analyzing the spitial
poral pattern on LUCC, the landscape distribution on a class
level, the landscape heterogeneity, and LUCC impact on land
scape pattern. Moreover, this study could provide a targeted
suggestia that may help to improve environmental conserva
tion policies and land use planning strategies.
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glomeration located in Guangdong, southern China (Figure 1)calculated as (Mulleand Middleton, 1994):

and covers approximately 54,000 kmith a subtropical cfi

mate. The PRD is one of the most densely urbanized regions irMLC m, ™, (1)
the world and consists of nine municipals, which are Guang
zhou (GZ), Sherhen (Sz), Foshan (FS), Dongguan (DG),-Hui
zhou (HZ), Zhongshan (ZS), Zhuhai (ZH), Jiangmen (JM) and
Zhaoqing (ZQ). The report released by the World Bank Group
(201.5.) showed that the Pearl_ River Delta had_ become the mog senting the landse changes that occurred during that period.
significant urban agglomgranon the world with the largest It reflects the actual transition process of a system fromttime
surface area and population. The PRD became a research hﬁ)ttimet + 1, revealing the specific process of LUCC

spot due to the dramatic growth of economy, the rapid expan ' '
sion of cities, and the location neighbored with Hong Kong and
Macao (Hu and Xia, 2019). And it is being pladnto be a  3.3.Class Distribution Statistics

The Markov chain equation is constricted using the-land
use distributions at the beginningj and at the end\+1) of
discrete time period as well as a transition malvfixc) rep-

world-class Grand Bay Area by China's government. A primary goal of landscape ecology is to understand the
development of spatial heterogeneity. Landscape pattern index
112°0'0"E 113°0'0"E 114°0'0"E 115°0'0"E is a quantitative indicator that can highly condense the-infor
o ’ ' . ' ' = mation of land use. Choosing a suitable index is very important
z w37, The Pearl River Delta (PRD) |5 for the rdionality of landscape pattern analysis. Based on the
T 4 .y P by % 3 research objectives and the ecological implications of each in
£ Wl i e : dicator, this study screened eight landscape indexes at the level
U i, AR O ; ; _ of class metrics (Table 1). Class metrics are computed for every
. ‘»: w2z patch tye/class in the landscape. Using ArcGIS 10.2 software,
sl e T 18 the land use data of the PRD from 1995 to 2015 are converted
& | Etevation (m) & into raster data in BIL format. The pixel size (resolution) is set
e High : 1590 to 500 m x500 m. Furthermore, the landscape pattern analysis
e 09 of variousselected indexes is performed based on the Fragstats
z b z 4.2 software. For details, refer to the tutorial of FRAGSTATS
Slo1s3 o ° softwarghttp://www.umass.edu/landeco/research/fragstats/do
i 8 cuments/frgstats.help.4.2.pdf)
12°0'0"E 113°0'0"E 114°0'0"E 115°0'0"E 3.4.Detection of Landscape Heterogeneity

Landscape heterogeneity controls the regional conse
guences of processes occurring in ecosystems. Furthermore, it
reflects the heterogeneity and complexity of land use and plays
3. Methods an essential te in controlling the ecological process of the
landscape. In this study, landscape shape index (LSI); inter
spersion juxtaposition index (1JI), Shannon's diversity index

Five land use/cover maps of PRD in 1995, 2000, 2005, sHpj), and aggregation index (Al) are selected to analyze the
2010 and 2015 were downloaded from the Resources and Engngscape pattern di¢ PRD.

vironmental Sciences hihese Academy of Sciences (RESDC)
(http://www.resdc.cn). The Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) global digital
elevation model (GDEM) with a resolution of 30 m, which was 4 1. Trends of LUCC
used to obtain elevation (http://www.gscloud)crThe GDP

and population data were collected from the Guangdong-Statisbuilt
tical Yearbook (from 1996 to 2016).

Figure 1. Location of the PRD.

3.1 Data Resource

4. Results and Discussion

Land use is mainly occupied by forestland, cropland and
-up land in the PRD. The main types of land use are differ
ent in different cities; the forestland is located primarily on
N ) Zhaoqing, Huizhoand Guangzhou. Builtp land is mainly le
3.2.Land-UseTransition Matrix cated in Guangzhou, Foshan and Shenzhen. From 1995 to

Firstly, this study attempted to employ a quantitative ap 2015, the land use structure in the PRD changed significantly
proachin exploring the spatial and temporal distribution of land (Figure 2). The main characteristics are the continuous growth
use in the PRD. Moreover, ArcGIS 10.2 is used to measure thef built-up land and the occupatiof cropland and forestland.
land-use transfer matrix (the application of Markov model to In detail, the expansion of builip land spread from the Pearl
LUCC). The Markov model can not only quantitatively indi  River to the surroundings. Foshan, Guangzhou, Shenzhen and
cate the conversi between different landse types, but also  Dongguan have the most significant areas of uthad expan
reveal the transfer rate between LUCC. Therefore, the characsion (Table 3). For example, the percentafbuilt-up land in
teristics of the transfer structure and direction of the regionalDongguan has increased from 28.6% in 2000 to 41.4% in 2005;
LUCC can state entirely. The laude transition matrix can be it has a higkspeed urban expansion.
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Table 1.Class Distribution Statistics

Index

Formula

Parameter

Total Area (CA)

Percentage of landscape
(PLAND)

Number of patches (NP)
Patch density (PD)
Edge density (ED)

cA = &l Ay
=N
PLAND; = & =1 Aj/A
NPj = N
PDj - Nj / A® 10,000 310C

e0 = & QL Ejk / A® 10,000

Aj is the area of patdh

A equals total landscape area

Ni equals number of patches in the
landscape of patch type (clags)

Ei equals the total length of edge in
landscape involving patch type (clags)
P;i" is the perimeter of patdhin terms of

e . 2 )
Patch cohesion index 6 am ajn 4Pj e 1 s number of cell surfacesy;” equals area of
(COHESION) COHESION= g- —————— Jél ~= g 100 patchij in terms of number of cell&,

€ am ah pr Q/A;* ué vz u equals total number of cells in the

e “i=LT AN landscape.
Splitting index (SPLIT) SPLIT= R/ 3 J”ﬂ A
FFrE(l:At?:I)dlmensmn index FD;j = 2|n(pij /4) / In(Aj) Py equals perimeter of patdh

Table 2.Landscape Distribution Statistics
Index Formula Parameter
:;%rgs(cfgs shape ¢ 25¢ NA E'equals total length of edge in landscape.
Interspersion Eik equals the total length of edge in landscape
. - . M M e 5 gf 25 i between patch typesandk; E equals total length of
{ﬁé?xpgizt;on W= -iilkzai igeE @1 f ggpo””(o'@“(m ))5 edge in landscape, excluding backgroun@quals
number of patch types present in the landscape.

Shannon's Pi equals proportion of the landscape occupied b
diversity index sHDI = 4/ (Pi2 Inp) pl’;\tgh typeFi) P P pied by
(SHDI) ’

gi equals number of like adjacencies between pixels
patch type based on the singleount method;

L e 3 . O g
(A’ﬁ?regatlon index , _ ééi@l%% % {L00) max - g, equals a maximum number of like
e ¢M* gj +d adjacencies between pixels of patch tijpased on the

singlecount method.

From 1995 to 2015, the area of buift land increased by
6.43% (3,466.09 kf), the LUCC of the PRD mainly mani
fested in the conversion of other land types to fugltand (Ta

in Shenzhen has doubled from 22.03% in 1995 to 44.06% in

2015. Sinilarly, the growing portion of buiftip land in Dong

guan accounts for 16.55%. The area of lyltand in Foshan

ble 4). The population (permanent population at the-gad) and Guangzhou increased the most considerable (65%.7 km

increased from3.90 million in 1995 to 58.27 million in 2015. and 659.6 krf respectively). The expansion of builp land is

The increase in population is closely related to the increase imbtained by occupyincropland and forest land.

built-up land. Specifically, the area of cropland and forestland  For the land use structure in 2015, the proportion of for

decreased by 4.34% (2,339.47%mnd 1.97% (1,061.93 K estland in Zhaoging, Huizhou, and Guangzhou is more than

respectively. It shows that the industrial transfer of the PRD hag;no; the forestland is the dominant landscape occupied in the

reduced the proportion of the primary industry. The percentaggRrp. The Zhaoging's economic development is thedin

of the primary sector in GDP dropped from 5.4% to 1.8% dur the PRD; however, as approximately 70.1% forest coverage

ing 1995 ~ 2015. The interference of land use by human-activigng contains a national nature reserve in there (Hu et al., 2019).

ties has increased, which is related to the transformation of inGuangzhou presents the highest GDP and has a significantly

dustrial structure. high forest cover. It indicates that Guangzhou employed ade
Furthermore, analyzing LUCC in different cities from quateenvironmental protection. There is also the similarity in

1995 to 2015 (Figure 3). The LUCC in all cities has shown theShenzhen; it has 46.44% forest coverage and the fastest eco

expansion of buitup land and the rapid decrease in caogl nomic growth rate in the PRD. Dongguan's water area accounts

and forestland. Among them, the increase in fupltiand in for 25.47% (with most complicated river network in the PRD),

Shenzhen and Dongguan accounted for the highest proportioand forestland ecupied 20.24%, the land use mainly for built

of the total administrative area. The percentage of-bpiland up land (35.35%). Consequently, the land use structure of
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Dongguan is relatively unreasonable. The government should0.49%; the forestland decreased by 5.12%, and theupuilt
pay more attention to ensuring that the ecological area is notand increased by 16.55%. The urbdand expansion primarily
overoccupied, while economidevelopment is in progress driven by poplation growth and economic development. The

Based on the transition matrix of land use types betweerflirection and comple'xity of landse chan.ge can be more clear
1995 and 2015, Figure 4 shows the land use transformation nely "epresented by using a transfer matrix diagram.
works. Land use transfer in Shenzhen, Foshan, and Dongguan
is more c_omplicated, mainly other types of larahsferred to 4.2. Variance of Landscape Pattern
construction land. Taking Shenzhen as an example, the crop
land decreased by 10.65%, the forestland decreased by 10.88%, The landscape index of patch size, scale, structure and
and the builup land increased by 22.03%. From the perspec combination in the PRD is calculated though Fragstats software
tive of the reduction of forest land, Shenzhen has the most co (Figure 5). From 1990 to 2015, the area of bujitland con
siderable decline, but forestland is still the primary tasd tinued to increase, and human activities continued to increase.
type in Shenzhen. The cropland in Dongguan decreased byhe area ofvater area changed relatively gently, but show a

Table 3.The Change Trend of Land Use/Cover in the PRD from 1995 to (20)L5

1995 2000 2005 2010 2015 1995 2000 2005 2010 2015
Guangzhou (GZ2) Shenzhen (S2)
Cropland 38.8 37.5 35.5 32.9 32.1 Cropland 18.6 17.1 11.6 9.5 6.7
Forestland 44.0 44.1 43.2 42.4 42.2 Forestland 53.2 48.2 46.6 42.4 41.5
Grassland 1.4 1.4 1.5 1.3 1.3 Grassland 1.6 1.6 1.3 1.1 1.0
Water 4.4 4.4 4.3 4.6 4.4 Water 2.2 2.2 2.3 2.1 2.2
Built-up land 11.3 125 155 18.9 20.0 Built-up land 24.4 30.9 38.2 449 48.6
Unused land 0.1 0.1 0.0 0.0 0.0 Unused land 0.0 0.0 0.0 0.0 0.0
Foshan (FS) Dongguan (DG)
Cropland 54.7 52.2 47.3 42.6 40.2 Cropland 31.7 31.2 22.9 18.3 16.4
Forestland 23.7 235 22.9 22.4 221 Forestland 30.2 29.5 25.4 24.9 23.3
Grassland 0.5 0.5 0.5 0.2 0.2 Grassland 3.7 35 3.1 2.7 25
Water 6.1 6.0 5.9 6.1 6.0 Water 7.3 7.2 7.2 8.6 7.1
Built-up land 15.0 17.8 23.3 28.7 315 Built-up land  27.2 28.6 41.4 45.5 50.7
Unused land 0.0 0.0 0.0 0.0 0.0 Unused land 0.0 0.0 0.0 0.0 0.0
Huizhou (HZ) Zhongshan (ZS)
Cropland 24.4 22.9 25.2 24.5 22.9 Cropland 58.3 57.4 48.9 447 42.0
Forestland 65.8 67.0 65.3 64.9 64.6 Forestland 23.7 23.2 21.0 20.9 20.5
Grassland 25 2.4 25 25 2.4 Grassland 0.2 0.2 0.2 0.2 0.2
Water 2.1 2.2 2.2 1.6 2.2 Water 5.3 5.3 5.3 5.3 5.2
Built-upland 5.2 55 4.9 6.5 7.9 Built-up land  12.4 14.0 24.6 29.0 32.1
Unused land 0.0 0.0 0.0 0.0 0.0 Unused land 0.0 0.0 0.0 0.0 0.0
Zhuhai (ZH) Jiangmen (JM)
Cropland 46.0 449 42.5 40.7 38.3 Cropland 34.8 34.4 34.8 34.0 33.4
Forestland 37.2 35.8 35.2 34.2 33.9 Forestland 52.0 52.2 52.0 51.2 50.9
Grassland 0.6 0.5 0.4 0.5 0.5 Grassland 3.4 3.4 3.4 35 35
Water 5.9 5.3 4.8 4.8 4.8 Water 4.0 3.9 4.0 4.0 3.9
Built-up land 10.2 135 17.0 19.7 22.5 Built-up land 5.7 6.1 5.8 7.2 8.3
Unused land 0.1 0.0 0.1 0.0 0.0 Unused land 0.0 0.0 0.0 0.0 0.0
Zhaoqing (ZQ) Pearl River Delta (PRD)
Cropland 18.1 18.2 18.0 17.9 17.8 Cropland 30.2 29.4 28.4 26.9 25.9
Forestland 76.3 75.9 75.9 75.5 75.3 Forestland 56.4 56.3 554 54.7 54.4
Grassland 1.6 1.6 1.6 1.8 1.8 Grassland 2.0 2.0 2.0 2.0 2.0
Water 2.1 2.1 2.2 2.2 2.2 Water 3.5 3.4 3.4 3.4 3.4
Built-up land 1.9 2.1 2.3 2.6 2.9 Built-up land 7.9 8.9 10.8 12.9 14.4
Unused land 0.0 0.0 0.0 0.0 0.0 Unused land 0.0 0.0 0.0 0.0 0.0

Table 4.Land Use Transfer Matrix (%)

1995
Cropland Forestland Grassland Water Built-up land Unused land  Total

Cropland 24.74 0.35 0.09 0.13 0.63 0 25.95

Forestland 0.34 53.70 0.13 0.02 0.14 0 54.34

Grassland 0.01 0.30 1.64 0.01 0.01 0 1.96
2015 Water 0.11 0.05 0.02 3.20 0.02 0 3.40

Built-up land  5.08 191 0.15 0.09 7.10 0.01 14.34

Unused land 0 0 0 0 0 0 0

Total 30.29 56.31 2.03 3.45 7.91 0.02 100.00
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Figure 2. The LUCC in the PRD from 1995 to 2015.
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Figure 3. LUCC in different cities.
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Figure 4. Land-use type transformation network in different cities.

downward trend, from 1859 km? in 1995 to 1832.8 kin grassland built-up land> water area unused land 1. The
2015. The area of cropland shows a significant downward trendractal dimension index of cropland and forestland is the largest
it means that the industrial structure has changed, and the pravith the most complicated shape. However, the fractal dimen
portion of primary industry has decreased significantly. Thesion of the forestland hascdreased, which indicates that-hu
land use pattern is forestland > crople> builtup land > water ~ man disturbance is increasing. In contrast, the fractal dimen
area > grassland > unused land. sion index of buikup land is closer to 1. It means that the built
Affected by human activities, the edge density (ED) of up land with strong seimilarity, regular and simple shape.
cropland is the largest in all landscapes, showing a declining-urthermore, the cohesion &xiof builtup land has increased
trend. There is a significant increase in ED of buitland; the ~ from 89.27 in 1995 to 98.07 in 2015. It shows that the 1oilt
landscape Herogeneity is correspondingly improved. The dy land presents agglomerated expansion mode, alleviates the
namic characteristics of forestland are similar to the Hoilt  negative effects of habitat fragmentation, and has a correspond
land. From 1995 to 2000, the number of patches (NP) of built ing promotion effect on regional divsity protection. The eo
up land is the largest, and it of cropland ranks second. Howevehesion index of unused land is fluctuating, showing a down
from 2000 to 2015the NP of cropland is the largest, and it of ward trend; It indicates that the transformation of unused land
built-up land ranks second. It showed that the fragmentation oby human beings has increased, and unused land tends to be
cropland increased and the scale of farming decreased: Builiscattered.
up land presents the opposite trend, and the phenomenon of - There js a notabl difference in patch density (PD) of dif
Clustering is more noti@ble. Mainly due to the acceleration of  forent jandscapes, among which the increase in grassland patch
the urbanization process, the region witnesses a vigorous ®fensity is the most obvious. The PD of buitt land shows a
pansion of buiup land. Moreover, large areas of forestland yo\wnward trend. Urban expansion on the basis of original spa
are more conducive to the protection of biodiversity and they;,, distribution, which leds to the decreasing numbepattches
environment and the clustering pattern of land use. The split index of crop
The value of fra@l dimension is cropland forestland>  |and has increased from 0.978 in 1995 to 0.997 in 2015. With
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Figure 5. Patch characteristics of land use in the PRD from 1990 to 2015.
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Figure 6. Relationship between cropland and landscape metrics: (a) LSI; (b) 131; (c) Al; and (d) SHDI.
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