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Abstract:



Spatial-temporal changes of land use and land cover in Luang Namtha Province in northern part of Laos was analyzed using Landsat TM (Thematic Mapper)/ETM+ (Enhanced Thematic Mapper) images from 1990 to 2010 since the opening of the Boten border adjacent to China. The results showed that: (1) “forest land—cultivated land—grassland” was the primary landscape structure. Woodland was the major land cover type, while paddy field was the dominant land use type replaced by rubber plantation in 2010; (2) since the opening of the border crossings in 1994, the rate and intensity of land use change were accelerated and enhanced gradually, especially in the recent decade. Woodland decreased significantly, while shrubland, rubber plantation and swidden land increased obviously. Rubber plantation and swidden land showed the fastest growth derived from woodland and shrubland, indicating continuous human activities and slash-and-burn farming; and (3) during 1990–2010, swidden land was mainly located in northern mountainous areas with frequently increased changing spatial distribution in the recent decade. Rubber plantation was mainly distributed in the border region of China and Laos with the expansion from the border region into the non-frontier of Laos with Luang Namtha City as the center. Woodland reduction was so obvious along the Kunming-Bangkok highway.
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1. Introduction


Land use and land cover change (LUCC) is one of the important focuses in the area of global environmental change research because it is not only the significant component but also the major reason of global changes [1,2]. Currently, LUCC is focusing on key areas, which have the important strategic roles in global changes (e.g., tropical rainforest), hot spots, which have active artificial and natural driving force (e.g., Beijing City), and vulnerable regions that have the fragile ecological environment features (e.g., ecotone between agriculture and animal husbandry) [3]. Along with the openness of neighboring countries and the enhancement of economic trade, border regions with geopolitical and geo-economic advantages with a special role in the international political and economic environment undergo dramatic LUCC, which significantly influences border security and ecological security. Therefore, border regions have undoubtedly become the hot and critical areas for LUCC research. It is of great academic and practical significance for studying LUCC in the frontier regions [4,5].



LUCC is a complex process subjected to the interactions between natural and social systems at different spatial and temporal scales. Border regions usually with homogenous natural landscape but different socio-economic systems have gained much attention in the field of LUCC studies, such as land cover and landscape pattern change in the trans-boundary areas of Eastern Europe [6], quantitative estimates of land cover in Israel-Egypt border arid regions [7], LUCC and ecological security in the trans-boundary China-North Korea [8], and LUCC and its environmental effects in the border region of China, Laos, Myanmar [4,9,10,11]. With the opening up of the border in northern Laos, multiple geo-economic cooperation mechanisms were launched, including the “Golden Economic Quadrangle Region” in the borders of China, Laos, Myanmar and Thailand in 1993, and the China-ASEAN (Association of Southeast Asian Nations) Free Trade Area in 2010, etc. Therefore, LUCC in northern Laos becomes increasingly extensive and dramatic [12]. Regional major economies influence the mode of trade, the movement of people, as well as local farming systems and livelihoods in northern Laos [13]. Specifically, land use in northern Laos is likely to be affected by the improvement of Road Number 3 (R3), or the international economic corridor called as the Kunming-Bangkok Highway [5,12]. The rate and intensity of land use change are accelerated and enhanced gradually after that highway construction [12,14]. Roads and paved highways provide an economic impetus for industrial logging, agribusiness, mining, and tourism, which are the main driving forces of LUCC in tropical rainforests [15].



LUCC is driven by synergetic factor combinations of resource scarcity, changing opportunities created by markets, external policy intervention, loss of adaptive capacity, and changes in social organization and attitudes [16]. Alternatively, large-scale plantation and intensive agricultural projects increase migrant involvement with commercial cultivation, often at the expense of indigenous people near the forest frontier, where land conflicts follow exist [17,18]. For centuries, swidden cultivation (also referred as shifting or slash-and-burn cultivation), being a rational economic and environmental choice for farmers, has been one of the most important land use systems in the humid tropical uplands [19,20]. Northern Laos severely restricted geographically and socioeconomically was the main distribution area of that farming method [21,22]. Since the implementation of REDD (Reducing Emissions from Deforestation in Developing countries) by the United Nations, an increasing attention has been given to swidden agriculture in the humid tropics nationally and internationally. The dominant land categories are forest land and grassland in northern Laos [23], and rainfed paddy predominates in agricultural land. However upland rice cultivation through swiddening accounts for 48.9% of rice fields [24]. Tropical deforestation is largely driven by changing economic factors, which are linked to social, political, and infrastructural changes [25,26,27]. Furthermore, it is negatively correlated with population growth, poverty, and swidden cultivation [28,29]. The area of traditional upland agriculture and swidden farming has decreased, while permanent intensive agriculture has increased, and commercial agricultural production of cash crops rose at the expense of subsistence agricultural production [30]. The most extensive and rapid change in the uplands of northern Laos is the expansion of smallholder rubber plantation, encouraged by governmental land use policy, which is a result of increasing integration with the regional economies of Southeast Asia, particularly southern China [31]. Much of the upland areas that have been converted to rubber plantation in the region are historically associated with swidden cultivation [25,32,33]. Rubber plantation was established in 1994 in Luang Namtha Province, and displayed a rapid pace since 2003 in responding to high rubber prices due to the growth in demand from China [34]. The area of forest land decreased greatly, and followed by bamboo and grassland. However, the area of unstocked forest, slash and burn and rice paddy land increased in the trans-boundary Laos-China Biodiversity Conservation Area that is called the Namha National Biodiversity Conservation Areas [11].



Understanding LUCC in the border region has tremendous implication for land management and planning and border security. It is significant for sustainable development of international trade and commerce. Luang Namtha Province has been constantly experiencing LUCC since the opening of the Boten border in 1994. Land use and land cover classification maps were extracted by interpreting Landsat TM/ETM+ images in 1990, 2000 and 2010 using decision tree classification method. LUCC was analyzed from the perspectives of structure, type conversion, and spatial pattern. The objective of this study was to find out the main changing characteristics of swidden land and rubber plantation systematically for decision support and scientific basis of sustainable land use management and ecological environment protection in Luang Namtha Province of northern Laos.




2. Materials and Methods


2.1. Study Area


Luang Namtha Province (20°18′~21°35′N, 100°30′~101°48′E) is located in the northern region of Laos within the Mekong river basin, covering an area of approximately 9325 km2, accounting for 4% of the total national territory area. It shares a border of 140 km with China in the north, 130 km with Myanmar in the west (the Mekong River as the border), 230 km with Oudomxay Province in the east and 100 km with Bokeo Province in the southwest. The province is divided into five administrative districts, namely Luang Namtha (capital), Sing, Long, Viengphoukha, and Nalae (Figure 1). This region has a tropical monsoon climate, with an annual mean temperature of 25.75 °C and an annual average precipitation of 1500 mm. In general, the rainy season is from May to October, which accounts for more than 80% of the annual precipitation, while the dry season is from November to April along with slash-and-burn farming activities [10]. Forest resources are abundant in this province. The Namha National Biodiversity Conservation Area established by the Ministry of Agriculture and Forestry of Laos is accounting for 23.85% of the province, which borders with the Shiang Yong Protected Area in Yunnan Province in China [35]. Tropical monsoon forest and rainforest are the main vegetation types, followed by some evergreen and deciduous forest, open mixed broadleaved and needle leaved forest, and dense bamboo in north border with China. In 2010, there were 164,310 inhabitants according to the Lao Statistics Bureau.


Figure 1. The location and topography of the study area.
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Luang Namtha Province is a commerce center among China, Laos, and Thailand. The Kunming–Bangkok highway, an international passage in mainland Southeast Asia, was constructed in 1992 for linking international trade and commerce. The road section in Laos, with overall length of 229 km and 138 km in Luang Namtha Province, usually called the R3 highway, was built from the Boten International Checkpoint (on the border to China) to Huay Sai in Bokeo Province (on the border to Thailand) between 2004 and 2008. The province has developed as a sustainable cultural and eco-tourism destination with the help of neighbouring countries, and several organizations and the Lao National Tourism Administration. The province is one of the main sugar cane and rubber producing areas in Laos with numerous plantations, and shifting cultivation is widely practiced as an economic necessity [36].




2.2. Data Sources and Preprocessing


Landsat TM/ETM+ images in 1990, 2000, and 2010 were used to interpret and classify land use and land cover. The data was obtained from United States Geological Survey (USGS). In order to facilitate the interpretation time window for different land types, NDVI (Normalized Difference Vegetation Index) time-series data generated from MODIS (Moderate-resolution Imaging Spectroradiometer) Terra 8-day composite 250 m time-series products (MOD09Q1) from January to December in 2010 was used. According to the MODIS-NDVI time series analyses of different land use types, all Landsat images were acquired during the dry season between January and April for rubber plantation and swidden land extraction [37] (Table 1).



Table 1. List of Landsat TM/ETM+ remote sensing images.







	
Dataset

	
Path/Row

	
Date

	
Sensors

	
Resolution (m)






	
1990

	
129/45

	
25 March 1989

	
TM

	
30




	
129/46

	
25 March 1989

	
TM

	
30




	
130/45

	
27 January 1989

	
TM

	
30




	
130/46

	
3 February 1989

	
TM

	
30




	
2000

	
129/45

	
23 March 2000

	
ETM+

	
15




	
129/46

	
7 March 2000

	
ETM+

	
15




	
130/45

	
14 March 2000

	
ETM+

	
15




	
130/46

	
14 March 2000

	
ETM+

	
15




	
2010

	
129/45

	
7 February 2010

	
TM

	
30




	
129/46

	
15 April 2011

	
TM

	
30




	
130/45

	
14 February 2010

	
TM

	
30




	
130/46

	
22 April 2011

	
TM

	
30










ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model) with 30 m resolution and topographic maps with the scale of 1:100,000 were obtained, respectively, from the Computer Network Information Center, Chinese Academy of Sciences, and Library of Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences (Figure 2). About 440 field survey samples along the R3 highway with geotagged pictures acquired in Luang Namtha Province on 25 February and 17 March in 2013 (Figure 2). The GlobCover2009 datasets of Laos with 300 m resolution in 2009 were derived from the European Space Agency and used for understanding land cover of Laos.


Figure 2. Field survey samples with topographic maps in Luang Namtha Province, Laos.
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Based on GDEM, the topographic maps and field survey samples, Landsat TM images were rectified to Albers Conical Equal Area projection system in 2010. The process adopted the cubic convolution resampling method and the polynomial transform geometric correction method. The other images were registered to the 2010 images using an image-to-image registration technique with the rectification RMS (Root Mean Square) errors less than 0.5 pixels.




2.3. Land Use and Land Cover Classification System


Classification system of land use and land cover was determined by actual situation of land resource in the study area and the interpretation ability of Landsat images. It mainly referred to FAO (Food and Agriculture Organization)/UNEP (United Nations Environment Programme), the land cover classification system and the land resource classification system formulated by Chinese Academy of Science. The classification system included six primary classes and 10 secondary classes, and mainly focused on cultivated land, orchard land, forest land, which were the types with more human activity interventions (Table 2).



Table 2. Classification system of land use and land cover.







	
Primary Class

	
Code 1

	
Secondary Class

	
Code 2

	
Definition






	
Cultivated land

	
1

	
Paddy field

	
11

	
With water and irrigation facilities ensuring, cultivated land plants rice, lotus and other aquatic crops, including the land carries out planting rice and rainfed crops rotation.




	
Dry land

	
12

	
Cultivated land plants rainfed crops without water and irrigation facilities guarantee, or rainfed crops can grow with irrigation in normal year generally, mainly arable land to grow vegetables.




	
Swidden land

	
13

	
Cultivated land from slash-and-burn farming method.




	
Orchard land

	
2

	
Tea garden

	
21

	
Orchard land planting tea.




	
Rubber plantation

	
22

	
Orchard land planting natural rubber forest.




	
Grassland

	
3

	
Grassland

	
30

	
Land grows herbs predominantly, mainly referring to the land with vegetation recovering from the slash-and-burn cultivation.




	
Forest land

	
4

	
Woodland

	
41

	
Woodland with tree canopy density ≥0.2, including mangrove forest and bamboo forest land.




	
Shrubland

	
42

	
Forest land with tree canopy density <0.2, including open forest land, burned area, nursery and etc.




	
Construction land

	
5

	
Construction land

	
50

	
Artificial construction land, including urban land, rural residential land, and other construction land.




	
Water body

	
6

	
Water body

	
60

	
Land for natural water bodies and water conservancy facilities.











2.4. Methodology


LUCC is composed of temporal change, spatial change and quality change [38]. This study analyzed the quantitative, typological and spatial changes of land use and land cover through adopting different indices and methods via overlay analysis under GIS, statistical analysis and measurement analysis. Specifically, structural change of land use and land cover types in Luang Namtha Province selected the indices of acreage, structure, and the single land use dynamic degree (K) [39]. Aiming to reflect the overall structural changes of land use and land cover, the comprehensive land use dynamic degree model (S) and the land use degree comprehensive index model (La) were chosen [14,39]. Matrix of transition probability and contribution probability were used to analyze the type change of land use and land cover in different periods [40]. Based on the overlay analysis method, the spatial change features of land use and land cover types were explored in the study area.



The rate of land use change reveals the land use changes magnitude of different types according to the indices of K and S [39]. The formulas are defined below:
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(1)
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(2)




where Ait1 and Ait2 are the acreage of land cover type i in the start and end of the study period, respectively. UAi is the acreage of land cover type i with no transition. t1 and t2 refer to the start and end of the study period. t2 − t1 is the duration length of the study period, and it represents the annual rate of land use and land cover change in this duration. n is the amount of land use and land cover types.



Intensity of land use change reflects the disturbance degree of human activities on land cover. The rating index of land use intensity is divided according to the land use intensity degree resulting from mankind. That is, unused land is 1, forest land, grassland and watershed are 2, farmland and orchard land are 3, and construction land is 4. The value range of the land use degree comprehensive index model (La) is between 100 and 400. The larger the value, the greater the land use intensity [41]. The equation is listed as follows:
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(3)




where La is the land use degree comprehensive index. Ai is the rating index of land use intensity of class i. Ci refers to the class i as the percentage of the total area.





3. Results and Analyses


3.1. Classification and Accuracy Assessment


The decision tree model for land use and land cover classification was built based on the features of original spectrum, normalization, tasselled cap transformation, texture, shape, terrain, and class-related characteristics. Based on field survey samples and GlobCover2009 datasets, classification accuracy in 2010 was evaluated through the indices of producer’s accuracy, user’s accuracy and overall accuracy [42] (Table 3). Overall accuracy of classification in 2010 was 86.59%. Paddy field, swidden land, rubber plantation, and woodland had the higher classification accuracy over 85%, while tea garden and grassland had the lower classification accuracy. Using the same confusion matrix evaluation method, the overall accuracies of classification were 85.72% and 87.41% in 1990 and 2000, respectively. The classification accuracies satisfied the quality demands of spatial analyses with the resultant maps (Figure 3).


Figure 3. The classification maps of land use and land cover in 1990 (a); 2000 (b); and 2010 (c) in Luang Namtha Province.
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Table 3. Classification accuracy of land use and land cover in 2010.







	
Class Code

	
Producer’s Accuracy (%)

	
User’s Accuracy (%)

	
Class Code

	
Producer’s Accuracy (%)

	
User’s Accuracy (%)






	
11

	
91.55

	
93.57

	
30

	
65.06

	
53.13




	
12

	
82.42

	
80.79

	
41

	
86.10

	
89.91




	
13

	
95.46

	
96.33

	
42

	
81.76

	
76.59




	
21

	
75.81

	
68.35

	
50

	
82.72

	
85.59




	
22

	
88.67

	
87.41

	
60

	
98.23

	
99.37




	
Overall accuracy (%)

	
86.59











3.2. Structural Changes of Land Use and Land Cover


3.2.1. Type Scale


Based on three classification maps in 1990, 2000 and 2010, the quantitative characteristics of land use and land cover types in Luang Namtha Province were analyzed through the indices of acreage, structure, and K of different categories to reveal the general features of structural changes. The structure of land use and land cover in the study area consisted of forest land-cultivated land-grassland. Among them, woodland was the major land cover type with the proportion over 80%, while paddy field was the dominant land use type replaced by rubber plantation in 2010 with 2.39% (Table 4). The structure features explained well this province being the main distribution area of tropical rain forest with rich forest resources and low population density (about 18 persons per square kilometer). Between 1990 and 2010, forest land declined by 5.42%, while cultivated land and orchard land increased by 3.47% and 3.11% respectively, which indicated the effects of human activities on LUCC become more frequently and obviously.



Table 4. The structure features of land use and land cover change from 1990 to 2010 in Luang Namtha Province.







	
Class Code

	
1990

	
2000

	
2010

	
K (%)




	
A (km2)

	
P (%)

	
A (km2)

	
P (%)

	
A (km2)

	
P (%)

	
T1

	
T2

	
T3






	
11

	
102.26

	
1.10

	
175.05

	
1.88

	
171.22

	
1.84

	
7.12

	
−0.22

	
6.74




	
12

	
30.06

	
0.32

	
58.60

	
0.63

	
61.34

	
0.66

	
9.49

	
0.47

	
10.41




	
13

	
12.92

	
0.14

	
85.99

	
0.92

	
236.37

	
2.53

	
56.56

	
17.49

	
172.95




	
21

	

	

	

	

	
67.27

	
0.72

	

	

	




	
22

	

	

	
1.94

	
0.02

	
223.24

	
2.39

	

	
1140.72

	




	
30

	
204.89

	
2.20

	
261.10

	
2.80

	
91.46

	
0.98

	
2.74

	
−6.50

	
−5.54




	
41

	
8724.52

	
93.56

	
8187.58

	
87.80

	
7619.04

	
81.71

	
−0.62

	
−0.69

	
−1.27




	
42

	
195.39

	
2.09

	
502.34

	
5.39

	
794.21

	
8.52

	
15.71

	
5.81

	
30.65




	
50

	
9.42

	
0.10

	
15.43

	
0.16

	
24.00

	
0.26

	
6.38

	
5.55

	
15.48




	
60

	
45.54

	
0.49

	
36.97

	
0.40

	
36.85

	
0.39

	
−1.88

	
−0.03

	
−1.91








Note: A: the total area; P: the proportion of area; T1 represents the period from 1990 to 2000, T2 represents the period from 2000 to 2010, T3 represents the period from 1990 to 2010.








To be specific, the area of all land types increased with the exception of woodland, grassland and water body during 1990–2010 (Table 3). Woodland had the largest reduction of 1105.48 km2, while rubber plantation and swidden land had the largest increment of 2.39% accordingly. Swidden land increased fastest at an annual growth rate of 172.95%, followed by shrubland with 30.65%. Grassland decreased with the fastest annual rate of 5.54%. Paddy field, being the dominant cultivated land type, increased at an annual growth rate of 6.74% from 1990 to 2000 (except for 2010), but far below the increment of swidden land, about 233.45 km2. Dry land or rainfed land was mainly used to grow corn and cassava accounting for 30% together [43]. The primary food crop was rice, and slash-and-burn was still the main farming practice. In addition, rubber plantation increased rapidly in the border region with China, coupled with tea garden between 2000 and 2010 respectively, illustrating the expansion of economic plantation since the border opening. In contrast to woodland, shrubland increased from 195.39 km2 to 194.21 km2 with an annual growth rate of 30.65%, indicating the reduction of natural forest and increasing of man-made forest in the past 20 years.



During 1990–2000 (T1), apart from woodland and water body, the other land types showed an increasing trend. Woodland reduced by the maximum acreage of 536.94 km2, while shrubland increased about 306.95 km2. Swidden land had the fastest growth rate of 56.56%, while water body had the fastest reduction of 1.88%.



During 2000–2010 (T2), except for paddy field, grassland, woodland and water body, the remaining types showed a slightly rising trend. Shrubland increased by 291.87 km2 holding the largest amplification, while woodland had the maximum reduction of 568.54 km2. Rubber plantation increased rapidly with the largest annual growth rate of 1140.72%, just opposite to the change of grassland. Compared with T1, the growth rate of swidden land, dry land, shrubland, construction land declined in this decade, and deceleration rate of woodland inclined. The results indicated that the period of swidden farming was shortened and changed into the permanent farming gradually. Changes in swidden land were consistent with national policies about encouragement of economic plantation development, implementation of natural forest protection, and prohibition on slash-and-burn farming [10,44,45].




3.2.2. Landscape Scale


The overall speed and intensity characteristics of LUCC in Luang Namtha Province were analyzed by calculating the indices of S and La of different land types (Figure 4). During 1990–2010, the S value increased from 35.37% to 38.30%, indicating the rate of LUCC was accelerated gradually, especially in the recent decade. Meanwhile, La value rose from 201.76 to 208.66 with increments of 2.01 in T1 and 4.89 in T2, which illustrated that land use intensity was enhanced obviously because of human activities disturbance on LUCC.


Figure 4. Comprehensive dynamic change of land use and land cover in Luang Namtha Province.
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3.3. Types Changes of Land Use and Land Cover


The transfer and cumulative matrix of LUCC in Luang Namtha Province from 1990 to 2010 showed that (Table 5 and Table 6):

	(1)

	
Paddy field showed a rising trend of transfer rate from 10.24% in T1 to 21.14% in T2. It was mainly converted into woodland, shrubland and construction land in T1 and tea garden and rubber plantation in T2 with transfer proportion 68.07% and 58.29% respectively. The cumulative rate of paddy field increased by 28.19%, and woodland and shrubland were the major conversion source of paddy field. Dry land reflected an upward trend in transfer rate from 22.76% to 45.18%, and mainly changed into woodland, shrubland and rubber plantation in T2. The same with paddy field, woodland and shrubland were the main contribution sources. The conversion proportion of swidden land decreased from 88.84% to 64.07%. Woodland and shrubland were both transformed from swidden land and transformed into swidden land with proportion 60% and 30% approximately. Meanwhile, there were some transition between dry land and swidden land because of land use intensity enhancing.




	(2)

	
Tea garden did not involve land use conversion as it had been planted in recent years in this province, while rubber plantation merely converted into woodland with a transfer rate of 13.85% in T2. Woodland and shrubland were the major sources for those commercial plantations development with cumulative probability over 80%. Furthermore, paddy field contributed 17.49% to tea garden, and the cumulative proportions of woodland and shrubland showed the opposite trend. Rubber plantation became more widespread in the national border region through conversion from shrubland and not by destroying the natural forest.




	(3)

	
Transition occurred among grassland, shrubland, and woodland generally, indicating more active natural succession of vegetation. Woodland and shrubland presented the increasing trend of transfer rate since the opening of the border. To be specific, woodland was mainly converted into shrubland, rubber plantation and grassland, while increased from shrubland and grassland through natural recovering. Shrubland was mainly transferred into woodland, swidden land and rubber plantation—about 70%—while others were developed into dry land and tea garden. The primary source of shrubland was woodland with a cumulative rate more than 75%. The impact of human activities on vegetation conversion was intensified and more notable. The main source of economic value in Luang Namtha Province was developed by exploitating natural resources since the opening of the border in the 1990s.









Table 5. Transfer matrix of LUCC (Land use and land cover change) in Luang Namtha Province (%).







	
Class Code

	
11

	
12

	
13

	
21

	
22

	
30

	
41

	
42

	
50

	
60




	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2






	
11

	
89.76

	
78.86

	

	
0.98

	

	

	

	
6.72

	

	
5.60

	
0.12

	
1.35

	
4.15

	
2.77

	
2.82

	
1.41

	
2.46

	
1.81

	
0.69

	
0.50




	
12

	
0.37

	
3.51

	
77.24

	
54.82

	

	
0.56

	

	
1.88

	

	
6.33

	

	
1.06

	
13.12

	
18.86

	
6.98

	
10.84

	
1.66

	
1.87

	
0.63

	
0.27




	
13

	

	

	
0.72

	
0.06

	
11.16

	
35.93

	

	

	

	

	
1.29

	
3.49

	
57.88

	
36.31

	
28.95

	
24.21

	

	

	

	




	
22

	

	

	

	

	

	

	

	

	

	
86.15

	

	

	

	
13.85

	

	

	

	

	

	




	
30

	
0.40

	

	
0.60

	
0.31

	
0.62

	
3.18

	

	
0.06

	

	
0.80

	
8.46

	
5.28

	
69.65

	
77.87

	
20.04

	
12.32

	
0.11

	
0.11

	
0.12

	
0.07




	
41

	
0.88

	
0.26

	
0.34

	
0.25

	
0.64

	
1.90

	

	
0.48

	
0.02

	
1.95

	
2.70

	
0.74

	
90.78

	
86.91

	
4.52

	
7.35

	
0.05

	
0.08

	
0.07

	
0.08




	
42

	
1.51

	
1.38

	
2.26

	
1.14

	
13.99

	
8.25

	

	
2.86

	
0.03

	
8.34

	
3.86

	
2.07

	
49.31

	
49.71

	
28.77

	
25.55

	
0.16

	
0.45

	
0.11

	
0.25




	
50

	
7.51

	
5.98

	
0.98

	
1.76

	

	

	

	
0.75

	

	
1.24

	

	
0.95

	
14.56

	
14.68

	
2.51

	
5.45

	
74.44

	
69.19

	

	




	
60

	
4.27

	
5.30

	
0.74

	
0.63

	

	
0.40

	

	
0.81

	

	
0.70

	
0.45

	
0.82

	
25.05

	
11.88

	
3.53

	
4.79

	
0.26

	
0.29

	
65.70

	
74.38








Note: T1 represents the period from 1990 to 2000; T2 represents the period from 2000 to 2010.








Table 6. Cumulative matrix of LUCC in Luang Namtha Province (%).







	
Class Code

	
11

	
12

	
13

	
21

	
22

	
30

	
41

	
42

	
50

	
60




	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2

	
T1

	
T2






	
11

	
52.44

	
80.63

	

	
2.79

	

	

	

	
17.49

	

	
4.47

	
0.05

	
2.59

	
0.05

	
0.06

	
0.57

	
0.31

	
16.25

	
13.2

	
1.90

	
2.39




	
12

	
0.06

	
1.20

	
39.6

	
52.39

	

	
0.14

	

	
1.64

	

	
1.69

	

	
0.68

	
0.05

	
0.15

	
0.42

	
0.80

	
3.22

	
4.54

	
0.51

	
0.43




	
13

	

	

	
0.16

	
0.09

	
1.68

	
13.07

	

	

	

	

	
0.06

	
3.28

	
0.09

	
0.41

	
0.74

	
2.62

	

	

	

	




	
22

	

	

	

	

	

	

	

	

	

	
0.75

	

	

	

	

	

	

	

	

	

	




	
30

	
0.47

	

	
2.10

	
1.34

	
1.47

	
3.52

	

	
0.22

	

	
0.95

	
6.63

	
15.03

	
1.74

	
2.67

	
8.18

	
4.05
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Note: T1 represents the period from 1990 to 2000; T2 represents the period from 2000 to 2010.









3.4. Spatial Changes of Land Use and Land Cover


Spatial changes of land use and land cover were divided into three categories, including the persistence for the unchanged types, reduction for the decreased types, and expansion for the increased types, through GIS overlay analysis. Given the proportion of land types, the spatial changes of paddy field, swidden land, rubber plantation, woodland, shrubland were analyzed respectively (Figure 5). According to previous conclusions, the intensity of LUCC in the recent decade was increased by human activities. Rubber plantation expansion was obvious between 2000 and 2010. Therefore, we analyzed spatial pattern changes of those five types to find out the different spatial changing characteristics in T1 and T2.


Figure 5. Spatial distribution of land use and land cover changes in Luang Namtha Province between 1990 and 2010. (a) Paddy field in T1; (b) paddy field in T2; (c) swidden land in T1; (d) swidden land in T2; (e) rubber plantation in T2; (f) woodland in T1; (g) woodland in T2; (h) shrubland in T1; (i) shrubland in T2. Note: S: Sing District; L: Long District; L N: Luang Namtha City; V: Viengphoukha District; N: Nalae District.
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Paddy fields were mainly distributed in flat areas (Figure 5a,b). Sing District had the largest area of paddy field, while the Nalae District had the smallest. Paddy field persistence and expansion were the dominant spatial changing types. Swidden land was mainly located in northern mountainous areas of Luang Namtha Province with the largest area in Sing and Viengphoukha District (Figure 5c,d). Swidden land expansion was the major spatial changing type in the last 20 years. Most of the paddy field expansion occurred in Sing and Long District in T1. Furthermore, swidden land expansion was mainly distributed in Sing District converted from woodland and shrubland, which indicated that human activities were frequent, such as slashing and burning. Paddy field reduction occurred mostly in Luang Namtha City, mainly converted into woodland and construction land. In T2, paddy field expansion was located in Sing District, while the significant reduction was in Sing District and Luang Namtha City with transformation into tea gardens and rubber plantations. Swidden land had remarkable spatial changes during this period. Swidden land expansion was distributed in almost all of districts except for Luang Namtha City. For nearly a decade of the obvious expansion trend of swidden land, it was illustrated that human activities became more significant. Swidden land reduction occurred in the Sing District and was mainly transformed into forest land, which indicated that natural recovery was common after slash-and-burn practices.



Rubber plantation was mainly distributed in the border region of China and Laos, with the largest area in Sing District and Luang Namtha City (Figure 5e). During 2000–2010, rubber plantations expanded from the border region into non-frontier region of Luang Namtha Province with the center being Luang Namtha City. Woodland was the dominant land cover type in Luang Namtha Province (Figure 5f,g). Apart from the Namha National Biodiversity Conservation Areas, there were significant spatial changes of woodland in other regions during the last 20 years. Woodland reduction was mainly distributed in northern part of three districts and the areas along the Kunming-Bangkok highway. Sing district had the largest decline area of woodland in the northern mountainous area, with the proportion decreasing from 14.52% in T1 to 29.34% in T2. Nalae District had the most frequent spatial changes of woodland in the southern part of Luang Namtha Province. Similar to spatial change characteristics of woodland, shrubland also changed frequently with the characteristics similar to swidden land but opposite to woodland (Figure 5h,i). Woodland and swidden land reduction and shrubland expansion had high coincidence spatially. The reason for that phenomenon could be explained in two aspects, one was because the main source of shrubland was woodland, and the other was shrubland converted from swidden land relying on natural recovery transforming into woodland simultaneously.





4. Conclusions and Discussion


Spatial-temporal changes of land use and land cover in Luang Namtha Province were investigated since the opening of the Boten border adjacent to China from 1990 to 2010. Structure change, type change and distribution change were analyzed, respectively. This research aimed to understand the use of natural resources using LUCC analyses, and provide the basic support for land resource development and ecological environmental protection.



Land use intensity was enhanced obviously because of the disturbance of human activities on LUCC [30], especially in the recent decade. The land use degree comprehensive index increased from 201.76 to 208.66, and the comprehensive land use dynamic degree increased from 35.37% to 38.30%. Woodland, shrubland, rubber plantation, swidden land and paddy field changed significantly in distribution from 1990 to 2010. As the dominant land use type during 1990–2000, paddy field was replaced by rubber plantation in 2010 with 2.39%. Rubber plantation, shrubland, swidden land, and construction land showed significant expansion, but obvious reduction in woodland in the same period. Woodland was mainly converted into shrubland, rubber plantation and grassland, with a small proportion of natural recovery from grassland. Woodland reduction was so obvious, especially in northern part of three districts (e.g., Sing District, Long District, and Luang Namtha City) and the areas along the Kunming–Bangkok highway [12]. Population growth and swidden agriculture were the primary causes of deforestation [17,29,32]. Rubber plantation was mainly distributed in the border region of China and Laos with the expansion from the border region into the non-frontier of Laos with Luang Namtha City as the center. This phenomenon was similar to the expansion features in Xishuangbanna, China [37,46]. Economic interests and national policies were the primary causes of rubber expansion [10,16,32,45,46,47]. Swidden land was mainly located in northern mountainous areas, where the obvious expansion indicated human activities have frequently impacted slashing and burning cultivation in the recent decade [33,48]. As a traditional farming practice in tropical regions, the increment of swidden land was mainly resulted due to poverty [19,22,48].



In this study, we focused on LUCC in Luang Namtha Province, the border region of China and Laos, and obtained the land use and land cover classification maps since the opening of the Boten border crossings with higher spatial resolution (30 m) and longer temporal scale (20 years). Most of the existing studies had lower spatial precision and an older temporal scale [9,30,33,45]. Research performed mainly focused on changes of the structure and type conversion, while we analyzed LUCC from the perspectives of structure, type conversion and spatial pattern [23,33]. We paid more attention to the changes of swidden land and rubber plantation, which were affected significantly by human activities [24,31,32,47,48]. In light of the quality of Landsat images and limited field samples, accuracy assessment of land use and land cover classification maps should be improved further, especially for the grassland and tea garden. For the vegetation types with obvious growth cycles, higher spatial resolution remote sensing images and multi-temporal Landsat images can obviously improve the classification accuracy [46]. References from the Xishuangbanna region that have similar geographical environment and classification data of “The Second National Land Resource Survey”, and more field survey samples obtained in the future will be used to improve the classification accuracy based on our research projects. This study has primarily focused on the spatial-temporal of LUCC and land use intensity, while analyses of the driving forces of natural and human factors (e.g., terrain, policy, soil characteristics) and stakeholders should be carried out in future research. The Kunming-Bangkok highway across the Namha National Biodiversity Conservation Areas becomes the major driving force of land use and land cover change and economic development in the future because of different international cooperation mechanisms. However, the road construction is a great challenge for biodiversity and ecological environment protection. More related dynamic research and measures should be carried out for avoiding negative ecological effects.



Located in the northern part of Laos, Luang Namtha Province is adjoined to Xishuangbanna in southwest China with abundance in land, heat, water, biodiversity, and humanity resources. Meanwhile, as the frontier region adjacent to the border to China in Laos, land use and land cover will greatly be affected by Chinese border agricultural policies, especially rubber plantation expansion [10,47]. Investments from China, Vietnam, Thailand, etc. in rubber plantations in Laos have been obviously increasing since 2004 [32,49]. Laos is devoted to becoming an important exporter of natural rubber in 2020 [50]. Furthermore, with the “Opium Poppy Substitution Planting” (OPSP) being an important filing of cooperation in the neighboring countries of the “Golden Triangle,” vital projects supported by national and international organizations and more frequent economic exchanges after the establishment of China-ASEAN Free Trade Area, there is no doubt that land use and land cover will be changed more extensively and dramatically, especially in rubber plantation [10,32]. More attention should be paid to growing potential evaluation of rubber plantations in the border region of China, Laos, and Myanmar. Based on scenario analysis, simulations of LUCC should be enhanced in northern Laos to analyse future potential environmental consequences and to help planning for land resource development and ecological environmental protection in the border region of China and Laos. Simultaneously, environmental effects of LUCC should be studied with more detailed data from investigation to experiments, especially in hydrology and ecosystems. As a developing region, along with the international political-economic cooperation, LUCC in northern Laos will undoubtedly affect the geopolitical and economic environment.
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