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Abstract

:

The process of desertification is complex, involving interaction between many factors, both environmental and anthropogenic. However, human activities, especially from land-use change and inappropriate land use, are the most influential factors associated with the desertification risk. This study was conducted in Huay Sai, a degraded land in Thailand. The Environmentally Sensitive Area Index (ESAI) model incorporating Geogracphic Information System (GIS) was applied to investigate and map the desertification sensitivity area. The study aimed to analyze and assess measures to reduce the desertification risk. This study emphasized three group factors with nine subcriteria influencing desertification risk: soil (texture, fertility, drainage, slope gradient, and depth), climatic (precipitation and aridity index), and vegetation factors (land use and soil erosion). In terms of the required spatial measures to reduce the desertification vulnerability, policy and defensive measures that were closely related to drought and desertification of the area were considered. Three main measures covering soil and water conservation, soil improvement, and reforestation were implemented. The area development and restoration plans have been implemented continuously. The study found that 47.29% of the Huay Sai area was at a high risk, with a further 41.16% at a moderate risk. Implementation of three measures indicated that desertification risk was significantly decreased. Addressing the causes of the highest risk areas could help reduce the overall desertification risk at Huay Sai, where most areas would then be at either a moderate (61.04%) or low (32.43%) desertification risk with no severe- or high-risk areas. The success of the area restoration is from the formulation of a restoration and development plan that understands the local conditions. Moreover, the plan integrated the restoration of the soil, forests, and water together in order to restore the ecosystem so that the implementation was able to solve problems directly.
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1. Introduction


Many parts of the world have been suffering from desertification, which has doubled its adverse influences in recent years. According to the United Nations Convention to Combat Desertification (UNCCD), desertification is land degradation resulting from climatic variations and human activities in arid, semi-arid, and dry subhumid areas [1,2,3]. These areas are also categorized as drylands in which the ratio of annual precipitation to potential evapotranspiration falls within the range from 0.05 to 0.65 [1,4]. The UNCCD consequently defines affected countries in all parts of the world; as much as 41.30% of the total global land area is considered drylands. Although the world’s drylands continue to be the most vulnerable and are menaced by desertification and land degradation, land degradation is a global phenomenon, with 78% of total degraded land located in terrestrial ecosystems other than drylands.



Moreover, apart from this definition, desertification is typically used as a catch-all term for land degradation in water-scarce parts of the world. The condition leads to temporary or permanent decline in quality of soil, vegetation, water resources, or wildlife. The four major drivers behind land degradation are overgrazing (35%), deforestation (30%), agricultural activities (28%), and overexploitation for biofuels (7%) [3]. UNCCD also identified other key players that accelerate the land degradation process, including climate change, erosion by wind and/or water, soil deterioration from physical, chemical, and biological factors, and long-term vegetation loss [5]. The definitions may differ depending on their emphasis on ecological, meteorological, and human dimensions [6,7]. Many studies have suggested that the primary causes of desertification in recent years lie in human activities, land-use changes, and inappropriate land use [4,8,9]. These activities intensify and accelerate problems, which leads to land degradation [9,10,11,12,13]. The natural factors and human activities causing desertification are highly interrelated [8,14].



Land is an important resource for food production and other ecological services, including biodiversity conservation, control of the hydrological system, cycling soil nutrients, and carbon sequestration. Desertification affects as much as one-sixth of the world [3]. In 1992, the United Nations Development Program (UNDP), to combat desertification and drought [1,3], sought to address the process of desertification in the long term, including climate change, soil erosion from wind and water, the distribution of soil salinity, the physical, chemical and biological deterioration of soil, and the loss of natural plant cover. As an outcome of interactions among many complex processes, desertification is often challenging to quantify. The land degradation and desertification affect very large areas of the world and cause a loss of land productivity [6,7], soil fertility decline [13], and decrease in soil quality [11] and land potential [12]. Previous research has shown that deterioration of soil results in abandonment of agricultural land. This abandonment has environmental consequences such as changes in water resources, soil erosion, soil properties, vegetation cover, and soil and water losses [15,16]. Addressing current and future issues on land degradation is not just a matter for each nation. The United Nations adopted the 17 Sustainable Development Goals (SDGs) of the 2030 Agenda for Sustainable Development. For SDGs 15: Life on Land, the UN has defined 12 Targets and 14 Indicators. The target 15.3: “End desertification and restore degraded land”, states these goals to achieve by 2030: combat desertification, restore degraded land and soil, including land affected by desertification, drought, and floods, and strive to achieve a land degradation neutral world [17,18]. In reaching the desired sustainable situation as described in SDG 15.3, good land management, land use planning, and effectiveness of land restoration play an essential role. Land restoration and rehabilitation and land use planning can have significant cobenefits for sustainable development. Land use planning is a tool for sustainable land consumption.



Land degradation and desertification are complex problems, so solving them requires systematic thinking and integrated solutions. Although these problems are global in scale, solving problems at the national or local level is important. There are four major drivers to achieving land degradation neutrality and desertification combating, including governance, local peoples, economic and private sectors, and effective land management and planning. Local action plays an important role in combating the land degradation and desertification. The governance or responsible organizations must understand the problems of their area and prioritize the problem for setting a clear goal, implementing the plan, and monitoring, evaluating, and modifying it. By raising awareness for people and education at all levels, it is important to fix the problem in the long run, which will cause sustainability in the consumption of natural resources [17,18]. Moreover, according to sustainable production of goods and services, economic sectors need to calculate an environmental cost. The nature-based solutions in land and water management, including soil-water system solutions, and landscape solutions, are effective tools for land restoration and degradation neutrality [17]. This solution can restore soil services, goods, and resources [16]. The nature-based soil and water conservation strategies are instruments for restoration of agricultural land abandonment [15].



Land degradation, drought, and desertification are three major problems that are affecting developing countries adversely, especially in food security and survival. UNCCD [3] emphasizes the importance of eradicating land degradation and desertification and combating desertification as top priorities for global sustainable development. At this point, UNCCD focuses on restoring bare land, reforestation, and drafting drought preparedness policies and implementing them worldwide. However, it is crucial to understand and evaluate the pre-existing underlying problems, especially in terms of spatial data. The roots of the problems vary yet are interrelated. They may involve spatial dimensions or socioeconomic dimensions. Moreover, it is important to assess and monitor implemented mitigations that were put in place to battle soil degradation and desertification to ensure its sustainable success.



Many mathematical models have been proposed as methods to predict desertification risk and desertification sensitivity of an area. Mediterranean Desertification and Land Use (MEDALUS) is one of the most well-known models to quantify the sensitivity of land to desertification and detect the most vulnerable areas. The MEDALUS model [19] is developed to identify environmentally sensitive areas (ESAs) by using the Environmentally Sensitive Area Index (ESAI). The ESAI has proven to be a successful tool to detect areas at the highest risk of land degradation [20,21,22,23]. The model also allows inclusion of new indicators and subindicators and can be adjusted to several levels of scale [22]. Ladisa et al. [23] reported that it is simple, robust, and widely applicable. According to these characteristics of the model, it has been widely used among researchers for assessing desertification risk in many countries in Asia such as Iran [24,25], Malaysia [26], and Thailand [4,9]. This method identified environmentally sensitive areas by using a number of indexes [22], where all the indexes were reinvestigated and adjusted to fit local conditions. Researchers often incorporate Geographic Information System (GIS) and remote sensing with ESAI, allowing the model to clearly depict the spatial problems of the study area, leading to more effective area management [9,24,25].



According to the UNCCD, Thailand is classified as an affected country despite its monsoon climate. Thailand is an affected country according to Section 1 (a), (f), and (g) of the Convention [1] due to land degradation or desertification, with approximately 33.57 million hectares of agricultural areas having problematic soils [27]. Thailand is located in a tropical climate zone with high precipitation and high temperature throughout the year. Many parts of Thailand are considered as having a tropical wet–dry climate or tropical savannah climate (Aw). However, some areas are classified as dry subhumid areas in which the aridity index falls within the range from 0.51–0.65 [9,27]. These areas of the country, especially in the northeastern and western regions, often suffer from drought and land degradation [27]. Other problems associated with land degradation include aridity and soil deterioration or repeated droughts (Figure 1). If the problems persist, the areas will be at a higher risk of desertification. The projected changes in aridity index (the ratio of rainfall to Potential Evapotransiration (PET)), simulated over land by 27 CMIP5 climate models by 2100 under the RCP8.5 scenario, had shaded some parts of Thailand in red. This indicated that the areas are becoming drier, since the PET increased more than the rainfall ratio [28]. Phetchaburi and Prachub Kirikhan are the two provinces with the highest PET.



The Huay Sai area, Phetchaburi province, Thailand is a drought-affected area with land degradation, which makes it sensitive to desertification. The area has suffered from continuous deforestation, monocropping, and heavy use of agrochemicals, which have directly impacted soil fertility and soil texture. Droughts, low soil fertility levels, loss of surface soils, and fertile soil being turned into shale have all been reported [29,30]. These recurring problems put the Huay Sai area at a very high risk of desertification. Factors influencing drought and desertification in the Huay Sai area at a moderate to severe risk level include soil, climatic, and vegetation factors [4]. Although climatic factors contributing to desertification may be difficult to control, desertification caused by human activities can be limited through appropriate land use planning and regulation [6,7]. Therefore, reducing the drought and desertification risks is possible through appropriate local area management. At the same time, the process to enhance the capability to handle desertification risk, which is key to disaster risk reduction, should be implemented [1].



Many areas of Thailand have suffered from land degradation and drought. In terms of its treaty obligations, Thailand acceded to the UNCCD in June 2001 and agreed to be part of the global agreement to combat land degradation. Thailand’s Land Development Department (LDD) is the National Focal Agency responsible for fulfilling the country’s obligations under Sections 9 and 10 of the UNCCD by preparing and implementing the National Action Programme to Combat Desertification (NAPCD) of the Kingdom of Thailand. The NAPCD 2004–2008 included two groups of strategic issues. The first strategic issue prescribed development of basic infrastructure of soil and water resources for crop production. This strategic issue aims to promote suitable land uses as well as improve soil fertility and water resources. The second strategy aims to promote access to land development services for farmers. This strategic issue consists of two strategies for the enhancement of opportunity for farmers and communities to thoroughly access public services [27]. However, solving the environmental problems must take account of the local conditions where the topographical and sociological conditions of the local areas, which are different in terms of the nature of the problems concerned.



It is well-known that according to its location, Thailand is not in the area at risk of desertification. However, some parts of Thailand can be considered as an affected country by the aridity index. This research aims to point out that although the study area is not considered to be at desertification risk due to climate and geographic location, human activities have brought this area to drought and desertification risk. Moreover, the assessment of planning and mitigation to reduce the desertification risk is a dissemination strategy. The process involves integration between risk reduction strategies for manmade risks and spatial planning at the policy level. However, even though the implementation of the integrated process is crucial to the area in general, it has only been implemented in limited areas. Moreover, the implementation of the process was unclear and did not correspond to the spatial planning of the area. According to a report by the United Nations Office for Disaster Risk Reduction (UN/ISDR), there are gaps in five areas of disaster risk reduction. Three of the five challenging gaps are prioritizing disaster risk management, developing and strengthening the disaster risk assessment, and reducing the development risk factors [1]. Therefore, this research aimed to analyze and assess mitigations for the desertification vulnerability reduction in the Huay Sai area. The ESAI model with the GIS technique was applied to investigate the desertification risk. The results of this study will be distributed to local authorities for the planning, managing, and drafting of the policy for the area to help prevent desertification.




2. Materials and Methods


2.1. The Study Area Description


The major causes of desertification found in Thailand are: (a) climatic factors such as heavy rain that dissolves and translocates soil minerals during the monsoon period and seasonal droughts; (b) human activities such as land use without soil improvement plan, over-exploitation of land, and land use on steep-slope lands causing soil erosion and expansion of saline soils [27]. Moreover, Thailand has slightly less than 30 percent forest cover. Most of the forests are either restricted or relatively inaccessible mountainous areas [31]. Some areas of Thailand are facing severe drought and degradation of soil resources. Thailand has always experienced drought, which in many parts of Thailand is a redundant arid areas, which account for 18.69% of the area of Thailand. They are divided into severely repetitive arid (level 3) areas, which occur repeatedly 1–3 times/year (red areas), accounting for 13.50% of Thailand or 72.27% of redundant arid areas; moderate redundant drought (level 2) areas with a frequency of 4–5 times/year repeated drought (orange areas), and areas with low levels of redundant drought (yellow areas) frequency of occurrence of repeated drought 6–10 times/year (Figure 1).



Huay Sai is located in Cha-am district, Phetchaburi province, Thailand (Figure 1). The study area, Huay sai, covers an area of approximately 18,414,600 m2 (1,841 ha). The area is mostly piedmont plateaus with a 2%–5% slope, an average rainfall of 954.8 mm/y and an evaporation rate of 1711 mm/y (over the last 30 y). Before 1946, Huay Sai was blessed with abundant resources, including soil, water, and diverse ecosystems. The forested area was a habitat for hog deer, an indigenous deer species, from which it derived its name “Huay Sai” (the creek of hog deer). However, the abundant resources were destroyed by human activities including using pesticides and deforestation for monocropping. Monocropping was a widespread practice, especially growing pineapples to feed the increasing demand from fruit-processing factories, but this led to an excessive use of agrochemicals and inappropriate land use. Moreover, no soil conservation measures were enforced, which led to severe land degradation. Thirty-seven years later, the land that was once rich with flora and fauna became uncultivable and barren. The topsoil was eroded and became no longer productive, resulting in a rapid change in the area conditions. The soil is infertile and hard, and it is impossible for plants to grow [30]. The soil texture has become sandy and acidic (pH 3.3) with a very low level of organic matter (OM of 0.20) and nutrients. The ecosystem was destroyed and lacked rainfall. The annual precipitation was less than 600 mm. The consequences of land degradation triggered desertification processes in the area and its vicinity. The inappropriate use of the soil has brought long-term impacts on the area’s fertility.



In 1983, the late King Bhumibol Adulyadej paid a royal visit to the Huay Sai area and noticed the problems and stated, "If we leave this area alone, it will become a desert”. This led to the establishment of the Huay Sai Royal Development Study Centre (HSRDSC) to restore the area, solve the environmental problems, and ensure sustainable development in the area [26]. The Huay Sai Royal Development Study Centre thus focuses attention on conducting studies and research on methods to develop deteriorated forests, control forest fires, develop water sources to increase moisture in the area, conduct a study on agricultural development program with an emphasis on means to seek participation from farmers in planting, and rehabilitating and maintaining forests while at the same time obtaining income and benefits from them.




2.2. Analysis of the Factors Influencing Desertification of the Area


The process of desertification is very complex and involves interactions among many factors, including both environmental and anthropogenic [13,32]. Many studies, such as [4,8,9] have indicated that land degradation from human activities is the main cause of desertification. However, close interactions among various factors, including climate change, environmental factors, and human activities, also play significant roles.



In this study, the factors affecting the vulnerability to desertification of the Huay Sai area were divided into four factors and further subdivided into twelve subcriteria covering both environmental and anthropogenic factors. The first three factors were used to calculate the vulnerability to desertification, and the last one was used to assess the risk of desertification when the spatial measures for combatting the land degradation were implemented.



The first soil factor included the five subcriteria of the soil texture, fertility, depth, slope gradient, and drainage. Data on these soil properties were collected by the LDD. The soil quality was assessed in terms of the soil texture, fertility, depth, and drainage. Generally, the soil texture and depth are strongly affected by the parent material and climatic conditions. However, during the past few decades, human activities have had a major influence on the soil resources and soil system. These changes cause adverse impacts on plant growth and yields. Some areas have become extremely infertile and are no longer suitable for plants to grow, causing a lack of vegetation cover. If this continues unabated, the area will eventually become a desert [28]. The climatic factors, including precipitation and aridity index (AI), have a great impact on the soil depth through the processes of weathering and erosion. Besides, the climatic factors are also related to the water availability for planting. Analysis of precipitation over the last 30 y (1986–2016) was performed using the meteorological data from a meteorological station in the study area. Rainfall indexes were calculated using Rainfall Decile [33]. The AI was calculated from the equation P/PET, where the PET was calculated by multiplying the crop coefficient (Kc) with the reference evapotranspiration (ET0), the latter being estimated using the Penman-Monteith equation [34,35].



Vegetation factors were assessed in the two aspects of land use and soil erosion. Both factors are the results of human activities and have significant impacts on land utilization and soil resource [10,11,36]. Land-use change is one of the key factors leading to soil problems in the area, including the soil pH, texture, properties, density, drainage, and fertility. Soil erosion was strongly affected by the precipitation intensity and slope gradient [10,37,38]. The soil erosion condition was assessed with the Universal Soil Loss Equation (USLE), which was adapted to suit Thailand’s conditions and was validated by the LDD [11]. To investigate land use pattern in 2017, both remote sensing and field surveys were employed to interpret satellite images taken by Landsat 8TM (14 February 2017). The last factors are the management of the area, which includes the policy and measures of land-soil-water development, divided into three subcriteria of soil and water conservation, soil improvement, and reforestation.




2.3. Assessment of the Vulnerability to Desertification


The methodology used was based on the MEDALUS model, developed in a large project established by the European Commission [19]. The MEDALUS identifies regions that are ESAs using an ESAI to calculate indexes that lead to land degradation and, eventually, desertification. The model is flexible and allows one to adjust or change the number of indicators to be used for assessing the quality indexes. Therefore, users could add and adjust more spatial factors that fit the local condition.



In this study, the local indexes (subcriteria), which combine anthropogenic and environmental factors, were brought in and calculated using the ESAI model to obtain the desertification risk assessment of the Huay Sai area. It is aimed to develop a set of indicators to identify areas that are sensitive to desertification and subsequently the development of action plans to combat land degradation. The last indicator also includes land management measures to reduce the land degradation and desertification rate, known as the management of land factors [22]. Each factor is represented by an index that is calculated by the combination of subindexes.



Each index was applied using a quantitative classification scheme with scores ranging from 1 to 2. A score of 1 (the best value) was assigned to areas with the lowest sensitivity, whereas a score of 2 (the worst value) was assigned to those areas with the highest sensitivity [8]. The score was assigned to the elements of a particular parameter in relation to their effect on the sensitivity to soil degradation and desertification processes as described by Kosmas et al. [19]. The classes and quality index for each factor adapted from LDD of Thailand and Sepehr et al. [22] are shown in Table 1.



The indicators were grouped and combined into four quality layers representing the soil (SQI), climate (CQI), vegetation (VQI) and management (MQI) quality indexes. The SQI and CQI provided a full picture of the environmental conditions, while the VQI provided the anthropogenic activities, and the MQI provided the results of the area management following the implemented policy of the organization (Table 2). The methodology approach of this study is shown in Figure 2.



An image processing system (ENVI) and GIS mapping software (ArcGIS 9.3) were the main tools used to compute indexes and generate the desertification risk factor Map. The data for all the four groups of the quality index were processed in a GIS environment to produce the four indicator maps.



These indicators are determined based on various subindicator maps. The environmental sensitivity indexes, obtained as the geometric mean, were used to compile the ESA maps to assess the extent of desertification. The maps were obtained using the Inverse Distance Weighting (IDW) deterministic interpolation techniques. The IDW function generates the interpolated surface by assigning values to unknown points from a weighted sum of values of known points. Each QI was calculated using the respective algorithm (Table 2) and was classified into the four major categories shown in Table 2. Each index was grouped into a different uniform class with a weighting factor assigned to each class, depending on its relative impact on the desertification, which, in turn, was related to the local environmental conditions. After assigning the weightings, the values of the QI for each elementary unit within a layer were obtained as the geometric average of the scores for the single indicators.




2.4. Mapping the Desertification Sensitivity Area


The QIs were used to compute a desertification sensitivity index (DSI) and then generate a map of the desertification-sensitive areas [8,20] by analyzing both spatial and attributes data using the ArcGIS 10.3 software. The DSI of Huay Sai was computed from Equation (1), which was constructed from the MEDALUS approach [19].


  D S I =  (  S Q I   × C Q I   × V Q I   × M Q I  )     1 / 4    



(1)







Based on the estimated DSI values, the scoring and classification categories of the desertification sensitivity in the study area are described in Table 3.





3. Results and Discussion


3.1. Desertification Risk Level and Risk Factors


The soil in the study area has a very poor texture and structure. The dominant soil texture (62.5% of the total area) is coarse-textured sandy soil with a very poor water holding capacity and soil moisture. The soil thickness in most of the area (90.2%) is moderately deep (range 50–100 cm) with a low to very low soil fertility, very strongly acidic (pH at 3.3), and with a very low OM (0.205–2.48%). These soil properties adversely affect the cropping (vegetative cover) and moisture level in the soil leading to Huay Sai suffering from droughts for a long period of time. These very inferior soil properties result from changing the land use from a forest area to monocropping with excessive use of agrochemicals over a long time.



This result corroborated Wijitkosum and Yolpramote [29], which studied the soil properties in the Huay Sai area. The research found that most soil in the area is strongly acidic with low fertility. From the soil factor analysis, it is concluded that the soil texture affected the desertification risk at a severe level. In addition, the soil fertility influenced the desertification risk at a high to severe level, while soil erosion had a low or zero correlation with the desertification risk in the area. The map of the desertification risk factors is shown in Figure 3.



Most of the Huay Sai area (93.2% of the total area) has an AI range from 0.65–1.00, which indicates that the AI affected the desertification risk at a very low impact level, while conversely the precipitation level strongly influences the desertification risk of the area at a severe level. Interpretation of the 2017 Landsat 8 images indicates that evergreen forest comprised 88.1% of the study area, with 8.49% agricultural, 3.11% community, 0.26% bare land, and 6.57% water body areas. The soil erosion assessment showed that the majority of the study area (96.6% of the total area) was characterized by a very low soil erosion risk (0–1,250,000 kg km−2 y−1). However, virtually the entire central plain area was found to be at a moderate risk of soil erosion.




3.2. Desertification Sensitivity in Huay Sai Area


From the desertification risk assessment of this area, it was found that 47.29% of the total area was a high desertification risk area, followed by medium (41.16%), low (4.78%) and severe (0.26%) risk areas. However, the water bodies, which accounted for around 6.53% of the total area, were not included in the calculation (Figure 4). The high desertification risk areas were dispersed and located especially in the central and the southern parts of the study area. Low-risk areas were mainly found in the north of the study area nearby water resources. This is consistent with a previous study [4] on the desertification risk in the area using the same factors, where, in 2010, most of the study area (77.24%) was at a high risk of desertification, while 0%, 14.29% and 0.47% were at a medium, low and severe desertification risk, respectively. Thus, over the last 17 years, the areas of high and severe desertification risk have decreased, becoming medium- and low-risk areas.



With respect to the effect of each factor on the desertification risk in the area, the critical factor was found to be the soil resources and land use, consistent with previous studies [4]. Those previous studies reported that the soil texture and fertility had high and a medium to very high levels of effect on the desertification risk, respectively. Similar to the soil texture, the land use had a medium to very high level of effect on the desertification risk.



This study (2017) showed that there had been a marked change in the land use since 2010: in 2017, the agricultural area increased to 16.16% when compared to the agricultural area in 2010, while the forest area slightly increased by 0.03%. Moreover, bare land significantly decreased to 48.53% when compared to the bare land in 2010. The land usage in 2010, which would cause an increase in the atmospheric humidity, decreased temperature [39,40], and better-maintained soil moisture [41,42] in the area. Moreover, an increase in the forest area helps to reduce soil erosion [11,12,43], while the increased soil fertility, another factor that affects the deterioration of the area and causes desertification, leads to a decreased drought and desertification risk. The study agreed well with the previous result [8] that changing the land use, in both pattern and sizing, affects the risk of soil erosion. The greatest area (36.52%) in 2017 had very low soil fertility while most of the soil fertility in 2010 was highly fertile. In desertification risk between 2010 and 2017, the areas at severe risk were decreased at 44%, high risk (38.78%), and low risk (66.57%). The moderate risk was increased. According to spatial analysis of desertification risk, it was found that the area at high risk had a low to very low fertile soil, which was covered by Deciduous dipterocarp forest.




3.3. The Restoration Plan Area: Land–Soil–Water Management at Huay Sai


The HSRDSC has followed a continuous management, development, and area restoration plan that consists of the five key development plans, which are the development of the (i) soil resources, (ii) water resources, (iii) forest restoration, (iv) renewable energy, and (v) quality of life. Thus, the assessment of the spatial management to reduce the desertification risk considered the Huay Sai strategic plan for the areas in relation to factors influencing the desertification risk. The development and restoration of Huay Sai has been closely following the late King Bhumibol Adulyadej’s royal advice, which provided guidelines to solve the problems by integrating the restoration of the soil, forests, and water together in order to restore the ecosystem.



The restoration of infertile soil and water resources was performed by hydrating the soil using check dams, diversion, and terracing, the late King’s royal initiative, in appropriate areas. Vetiver (Chrysopogon zizanioides) has also been planted in order to help restructure the hard and compact soil. Vetiver grass is planted in an upside-down V-shape (∧) along the slopes and in a semicircle-shape in the flat areas for planting fruit trees. However, since the soil in the area was too hard and compact to work with a hoe, it was drilled prior to planting the vetiver grass. Moreover, the horizontal spread of the vetiver roots was used to set the distance between rows for planting. Vetiver grass does not need much care and cost for growing since it is very low.



The processes of “Reforestation without Planting” and “Wet Mountain” were used to restore the forests. Late King Bhumibol Adulyadej recommended that reforestation be conducted according to geographical and environmental conditions. These involved growing plant varieties in the original forest area to enhance biodiversity. Local plants species which suitable for the area were planted. Forests should be grown on hilltops as degraded forests at higher altitudes affect basins downstream. Trees with seed pods should be planted so that natural regeneration occurs downhill through to the bottom of the hill. Spermatophytes are planted on the highest locations because their seeds would float down and germinate in the lower areas when these trees grow up would be naturally propagated. Moreover, water was pumped up, using solar energy, from nearby reservoirs and stored in tanks located on the hills. The water was then allowed to spill over the surrounding areas to nourish the fast-growing economic and indigenous species of trees in the area. This forest restoration method enabled a high survival rate of the plants together with the development of a network of four constructed reservoirs. Indigenous plant species were planted in the area, including Pterocarpus indicus Willd., Shorea obtuse, Shorea siamensis, Sindora siamensis Teijsm. Ex Miq., Afzelia xylocarpa (Kurz) Craib, Yellow Flame, etc. Moreover, the HSRDSC also emphasizes agrochemical-free farming and growing more indigenous crops.



Nowadays, the development and land management of the area still follows the late King’s advice closely. The master plan of the HSRDSC has been used as a guideline for development in the same five strategies of the development plan as mentioned above, are implemented together as a year-by-year plan. The review of the 35-year strategic plan of the HSRDSC revealed that two strategies are closely related to reducing the drought and desertification risk of the area. These strategies are the study, research, and implementation of the royal initiatives and the conservation and development of natural resources and the environment. The analysis of the plan and mitigations, including the relation to factors influencing desertification, is shown in Table 4.




3.4. Reducing the Desertification Risk in Huay Sai by Implementing Spatial Management Mitigations


The desertification risk assessment in the case of application of the three mitigations showed that it was significantly decreased. Following the complete implementation of the three mitigations (to more than 75% of the total area), the areas with severe and high risk of desertification disappeared. Instead, most areas were of a moderate (61.04%) or low (32.43%) desertification risk (Table 5 and Figure 5). This change had a marked impact on the soil, drought, and desertification process in the area.



These three mitigations (measures) aimed to restore the soil and water resources, the absence of which are the two main sources of desertification. Measure 1 was to develop the water resources and conserve the soil by building reservoirs and planting vetiver grass. Measure 2 was to restore the soil resources by soil amelioration and planting vetiver grass, while measure 3 was reforestation. The three mitigations together formed a complete integration for restoring all the connected natural resources, including water, soil, and forest resources, and mainly led to the restoration of the ecological and hydrological system in the area. This is because the water sources moisturize the soil and atmosphere, while the forest decreases the soil erosion, increases soil fertility, modifies the soil structure, and restores the soil resources. Using soil amelioration techniques, such as the addition of biochar, green manure, and organic fertilizer, increases the soil fertility and makes crop cultivation and plant cover easier. This then helps the soil keep its moisture and fertility, reduces soil erosion, and increases the soil depth, which are main factors for reducing the drought and desertification risk.



Planting vetiver grass to modify the soil structure and drought in the area has been performed since 1992 and has effected the restoration of the physically-degraded, hard, and compact soil that was unable to absorb water, as well as improved the chemical properties of soil (i.e., reduced acidity and increased fertility). Vetiver grass, a monocotyledon xerophyte, has a wide climate and environmental tolerance, fast growth, and a strong suitable structured root system comprised of a massive fine network that grows some 1–1.5 m deep into the soil rather than mainly spreading horizontally [28,40,44,45]. However, in the Doi Tung Development Project (under royal patronage) [29] it was reported that the vetiver roots penetrated the soil by up to 5.2 m below the surface, growing 3 m deep within 8 months. Moreover, vetiver grass helps to absorb contaminating chemical residues in the soil (bioremediation) from the long-term usage of agrochemicals in monocotyledon cultivation. Then, the contaminated soil with agrochemical in the area was treated. Vetiver grass planting for soil restoration is generally performed in contaminated [29,46,47] and soil-eroded [44] areas. Vetiver roots reduce the cohesion of the shear strength of soil [44] and reduce the water losses in soil [45], leading to a better absorption of water in the soil.



Although many research studies have found that vetiver have strong roots system, there have not been many studies on using vetiver grass in hard and compact soils to remedy the soil structure. Vetiver has a deep-penetrating root system, spreading out to form an underground wall barrier, which helps to filter silt and keep topsoil very well. Vetiver roots penetrates vertically into the soil as a semisolid wall-like structure. This formation helps trap debris and prevents erosion of surface soil. According to innovative techniques to plant vetiver grass, with their strong root system growing deep down and massive fine root network structure, they are able to grow through the hardpan soil. They help in the conservation of both soil and water. Their extensive fibrous root system will absorb large amounts of water, which helps in moistening the surrounding soil, thus making soil cultivable to other trees. Moreover, using vetiver hedges as a source of mulching material also helps to keep moisture in the soil by suppressing weed growth and thus reducing loss through transpiration.



The HSRDSC was one of the prototypes to restore the critically degraded soil resources in the area back to usable soil. Infertile acid soil in the area needed suitable amendment by appropriate methods for improvement. Moreover, the hardpan soil in Huay Sai area needed an appropriate method for restoration. The restoration idea was derived from the royal initiation of His Majesty King Bhumibol Adulyadej. The hardpan infertile soil was revived with innovative methods using vetiver grass as a living natural wall, grown in dug-out holes filled with soil containing fertilizer and moisture.



In the agricultural areas, the soil was restored and maintained by the application of biochar, biofertilizer, and green manure as soil amendments, which effectively helped the soil restoration. Various studies have reported that biochar addition can improve the physical structure of soil (e.g., [48,49,50]). In addition, it improves the water retention and ventilation of the soil and gives it a loamier structure. The biochar also reduced the acidity of the soil, increased the cation exchange capacity and the fertility of soil, and favored the colonization and activity of soil bacteria [48,49,50]. Together, these led to improved soil properties for crop planting so the area had vegetation cover over the soil. Moreover, multicropping systems and crop diversification were promoted to maximize productivity.



It is known that reforestation is one of the main factors to protect the environment and reduce drought [10,36,42,51]. Even the link between the forest and the drought from desertification is complicated due to various factors, such as the type and structure of the forest [51], species of plants [39,40,41], and climate [14,52]. This is because the reforestation increases the soil moisture [11,36,40,41,44,53], and the plant roots help to cling and hold soil and so increase the soil particle adhesion. Plants require enough amount of moisture and precipitation to grow, which depends on tree types, climate, soil, topography, and ecological system. However, increasing the evapotranspiration from high temperature and extreme drought effect on land restoration and reforestation management [53], especially in drought area and degraded area. In this case, forest water use was likely supported by groundwater or seeping water sources from surrounding areas [53,54]. Following the path of the wisdom of the Monarch, the late King Bhumibol Adulyadej’s royal developed a multipurpose reforestation model and a cultivation system that supports reforestation efforts to rehabilitate the infertile land suffering from prolonged droughts. Forest encroachers have willingly taken part in the rehabilitation, which is in harmony with nature, and this has helped improve their livelihood. In solving spatial drought problems of the Huay Sai, Royal Development Study Center is operated by a method called “Reforestation without Planning”. In the mountain areas of bald mountain, “Wet Forest System” is a method of forest restoration that creates water weir to increase soil moisture, creating a small reservoir on the mountain and connecting the water distribution system to provide water to the plants around the areas. The reforestation method enabled a high survival rate of the plants and helped to provide moisture in the surrounding areas. The area around a small reservoir on the mountains will be planted with a variety of trees. The selected variant of trees will conserve the indigenous plant species. When these trees grow, the seeds will fall below while the area below has been moisturized from the water pipeline distribution system. The seeds will grow, and the trees planted with the above methods will be strong and have a high survival rate due to the germination of seeds in the environment. It can be said that planting trees in this method is a way to imitate nature. Following the forest conservation and reforestation mitigation, the forest areas in Huay Sai have become more fertile. There are approximately 800 hectares of mixed deciduous forest covering about 46% of the total area. Therefore, management and planning methods for reforestation in this condition should be adjusted appropriately and suit the local conditions.



Moreover, HSRDSC launched campaigns and programs to build the understanding and recognition of the value and benefits of the natural resources among the local people. HSRDSC aims to ensure the success of the resettlement program, which will lead to improvement of the socioeconomic conditions and quality of life of the people. This entails developing the community to become strong so that the people can be self-reliant.




3.5. Implications to Achieve the Degradation Neutrality


Land degradation and desertification affect ecosystem service, socio-economics, food security, and quality of human life. It can be said that degradation of land and desertification is a real challenge to the citizens of the world. The United Nations set 17 targets for Sustainable Development Goals. The SDG target 15.3 calls on countries to “combat desertification, restore degraded land and soil, including land affected by desertification, drought and floods, and strive to achieve a land degradation-neutral world”. This target is focused on the sustainable management and restoration of the lands.



Land degradation is substantial in occurrence in the Huay Sai area. The abundant natural resources in the Huay Sai area ware degraded by human activities. Rehabilitation of the Huay Sai area is an example of spatial measures to solve land degradation problems. The success of the Huay Sai area rehabilitation is due to many factors, including understanding the source points of the problems, systematic thinking, nature-based solutions, having an organization with clear responsibility, continuous implementation of the measures, and communities’ awareness-raising. Planning and implementation for rehabilitation must take account of the local environment in terms of the physicochemical environment, the socioeconomic environment, and the cultural environment. The development of the land and area restoration plan is established based on an understanding of the area’s ecosystem and the connection of natural resources (soil–water–forest). The approach is also multidisciplinary in nature with various participatory actors. In terms of organization, the HSRDSC acts as the core unit for implementing, monitoring, and coordination in project planning, implementation, and management among different government agencies within an inter-sectoral framework in order to render the work effective. Rehabilitation of land and restoration of natural resources takes more than 30 years. Although the rehabilitation by the way of the late King Bhumibol Adulyadej usually takes time, it is reasonable and sustainable. Times are crucial for sustainability since adjustment as the result of various factors needs time intervals in adjusting to reach another equilibrium.



Finally, research on desertification risk assessment and analysis of ways to reduce those risks is difficult and complex, especially in a small area. However, such research is very necessary, and it is crucial to take steps to achieve sustainable development.





4. Conclusions


The study indicated that most areas in the Huay Sai study area were at high risk of desertification. The areas sensitive to desertification were identified by three sensitivity indexes: soil, climate, and vegetation. The critical factors affecting the desertification risk were the soil texture and fertility and the land-use factor. The mitigations for restoration were water resource conservation and development, soil conservation and amelioration, and forest conservation and reforestation. The implementation of all three mitigations had a positive impact on the area in terms of reducing the severe and high risk-of-desertification areas and distinctly positive impacts on areas with a moderate and low risk of desertification. The aforementioned mitigations led to a more fertile area. The drought and degraded land showed a significant improvement. In summary, measures to reduce the risk for desertification and drought should consider the main factors that cause the problem. Solving each environmental problem at its source point could help decrease drought and desertification in the area. The success of the area restoration was due to the use of appropriate methods to address the area-specific problems, as well as the consistency between the restoration integration and the spatial problem.
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Figure 1. Huay Sai Area and the situation of drought in Thailand. 
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Figure 2. Methodology approach. 
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Figure 3. Map of the desertification risk factors. 
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Figure 4. Map of the Desertification Risk in Huay Sai in 2017. 
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Figure 5. Risk in Huay Sai When All Three Restoration Mitigations are Applied. 
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Table 1. Classes and assigned weighting index for factors.
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Factor/

	
Layer/

	
Classes

	
Descriptions

	
Quality Scores




	
Indicators

	
Sub-indicators






	
Soil

	
Texturea

	
Good

	
L, SCL, SL, LS, CL

	
1




	
Moderate

	
SC, SiL, SiCL

	
1.2




	
Poor

	
Si, C, SiC

	
1.6




	
Very poor

	
S

	
2




	
Fertility

	
Very low

	
High fertility at 15 points

	
1




	
Low

	
High fertility at 13–14 points

	
1.2




	
Moderate

	
Moderate fertility at 11–12 points

	
1.4




	
Moderate

	
Moderate fertility at 9–10 points

	
1.6




	
High

	
Low fertility at 7–8 points

	
1.8




	
Severe

	
Low fertility at 5–6 points

	
2




	
Drainage

	
Good

	
Well-drained

	
1




	
Moderate

	
Imperfectly drained

	
1.2




	
Poor

	
Poorly drained

	
2




	
Slope gradient

	
Gentle

	
< 6%

	
1




	
Not very gentle

	
6%–18%

	
1.2




	
Abrupt

	
18%–35%

	
1.5




	
Very abrupt

	
> 35%

	
2




	
Soil depth

	
Very deep

	
Soil thickness > 100 cm

	
1




	
Moderately deep

	
Soil thickness 50–100 cm

	
1.2




	
Not deep

	
Soil thickness 25–50 cm

	
1.5




	
Very thin

	
Soil thickness < 25 cm

	
2




	
Climatic

	
Aridity index

	
Very low

	
0.65–1.00

	
1




	
Low

	
0.50–0.65

	
1.2




	
Moderate

	
0.20–0.50

	
1.5




	
High

	
0.05–0.20

	
1.7




	
Severe

	
< 0.05

	
2




	
Precipitation

	
Very high

	
1833–2592 mm

	
1




	
High

	
1436–1833 mm

	
1.2




	
Moderate

	
1194–1436 mm

	
1.5




	
Low

	
1022–1194 mm

	
1.7




	
Very low

	
< 1022 mm

	
2




	
Vegetation

	
Land use

	

	
Evergreen forest

	
1




	
Fruit trees and perennial plants

	
1.2




	
Natural grasslands

	
1.5




	
Communities and built-up areas

	
1.7




	
Field crop > 70%, deciduous forest > 70% and bare land

	
2




	
Soil erosion

	
Very low

	
0–1,250,000 kg km−2 y−1

	
1




	
Low

	
1,250,000–3,150,000 kg km−2 y−1

	
1.2




	
Moderate

	
3,150,000–9,400,000 kg km−2 y−1

	
1.5




	
High

	
9,400,000–12,500,000 kg km−2 y−1

	
1.7




	
Very high

	
> 12,500,000 kg km−2 y−1

	
2




	
Management

	
Water resource and soil conservation and development

	
Complete

	
> 75% of the poor soil quality area

	
1




	
Good

	
50%–75% of the poor soil quality area

	
1.2




	
Moderate

	
25%–50% of the poor soil quality area

	
1.5




	
Incomplete

	
< 25% of the poor soil quality area

	
2




	
Soil amelioration

	
Complete

	
> 75% of the agricultural area

	
1




	
Good

	
50%–75% of the agricultural area

	
1.2




	
Moderate

	
25%–50% of the agricultural area

	
1.5




	
Incomplete

	
< 25% of the agricultural area

	
2




	
Reforestation

	
High

	
> 50% of the bare land

	
1




	
Moderate

	
< 50% of the bare land

	
2








a Sand (S); Loamy sand (LS); sandy loam (SL); loam (L); silt loam (SiL); silt (Si); sandy clay loam (SCL); silty clay loam (SiCL); clay loam (CL); sandy clay (SC); silty clay (SIC); and clay (C).
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Table 2. Environmental properties related to desertification sensitivity indexes.
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	Quality index
	Properties/Descriptions
	Algorithms





	SQI
	Ist: soil texture index

Isf: soil fertility index

Isdt: soil depth index

Isg: slope gradient index

Isdn: soil drainage index
	   S Q I =  (  I s t × I s f × I s d t × I s g × I s d n  )    1/5



	CQI
	Ipt: precipitation index

Iai: AI
	   C Q I =  (  I p t × I a i  )    1/2



	VQI
	Ilu: land use index

Ise: soil erosion index
	   V Q I =  (  I l u × I s e  )    1/2



	MQI
	Isw: soil and water conservation index

Isi: soil improvement index

Irf: reforestation index
	   M Q I =  (  I s w × I s i × I r f  )    1/3
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Table 3. Ranges and classes of desertification sensitivity index.
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	Class
	DSI
	Sensitivity to Desertification
	Risk/Condition





	1
	1.00–1.22
	Low
	Low



	2
	1.23–1.37
	Medium
	Moderate



	3
	1.38–1.53
	High
	High



	4
	1.54–2.00
	Very high
	Severe
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Table 4. Plan and mitigations of the HSRDSC and the relation to desertification factors.
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Strategy

	
Mitigations Implemented in the Past 35 Year

	
Relations to Desertification Factors




	
Mitigation

	
Method and Tools






	
Study, research, and implementation of the royal initiatives

	
Water resource conservation and development

	

	
Building check dams and planting vetiver grass



	
Build a network of reservoirs






	
Climatic and soil factors



	-

	
Increase moistness in the atmosphere, leading to positive impacts on the climate in the area




	-

	
Hydrate the soil




	-

	
Enhance soil fertility










	
Soil conservation and amelioration

	

	
Planting vetiver grass



	
Using natural methods for soil amelioration such as biochar, organic fertilizer, and cover cropping.






	
Soil and vegetation factors



	-

	
Restructure physical properties of the soil




	-

	
Improve soil quality




	-

	
Enhance soil fertility




	-

	
Reduce soil erosion




	-

	
Increase soil depth










	
Conservation and development of natural resources and environment

	
Forest conservation and reforestation

	

	
Wet Fire Break



	
Reforestation without Planting






	
Climatic, soil and vegetation factors



	-

	
Plant for cover cropping purposes




	-

	
Improve soil properties, including physical properties, fertility, and reduce soil erosion




	-

	
Increase moistness in the atmosphere, leading to positive impacts on the climate in the area
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Table 5. Risk levels of the area with and without area restoration.






Table 5. Risk levels of the area with and without area restoration.





	
Severity Levels

	
Areas at Risk of Desertification (km2)




	

	
Without Mitigations

	
With Mitigations






	
Low

	
0.880

	
5.973




	
Moderate

	
7.580

	
11.241




	
High

	
8.706

	
0.000




	
Severe

	
0.048

	
0.000
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