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Abstract

:

Forecasting landscape changes is vital for developing and implementing sustainable urban planning. Presently, apart from lowland coastal cities, mountain cities (i.e., hill stations) are also facing the negative impacts of rapid urbanization due to their economic and social importance. However, few studies are addressing urban landscape changes in hill stations in Asia. This study aims to examine and forecast landscape changes in the rapidly urbanizing hill station of Nuwara Eliya, Sri Lanka. Landsat data and geospatial techniques including support vector machines, urban–rural gradient, and statistical analysis were used to map and examine the land use/land cover (LULC) change in Nuwara Eliya during the 1996–2006 and 2006–2017 periods. The multilayer perceptron neural network-Markov model was applied to simulate future LULC changes for 2027 and 2037. The results show that Nuwara Eliya has been directly affected by rapid urban development. During the past 21 years (1996–2017), built-up areas increased by 1791 ha while agricultural land declined by 1919 ha due to augmented urban development pressure. The pressure of urban development on forest land has been relatively low, mainly due to strict conservation government policies. The results further show that the observed landscape changes will continue in a similar pattern in the future, confirming a significant increase and decrease of built-up and agricultural land, respectively, from 2017 to 2037. The changes in agricultural land exhibit a strong negative relationship with the changes in built-up land along the urban–rural gradient (R2 were 0.86 in 1996–2006, and 0.93 in 2006–2017, respectively). The observed LULC changes could negatively affect the production of unique upcountry agricultural products such as exotic vegetables, fruits, cut flowers, and world-famous Ceylon tea. Further, unplanned development could cause several environmental issues. The study is important for understanding future LULC changes and suggesting necessary remedial measures to minimize possible undesirable environmental and socioeconomic impacts.
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1. Introduction


In recent decades, population growth and economic development have directly affected the transformation of urban landscapes in cities worldwide. Unambiguously, rapid landscape transformation is prominent in developing countries [1]. This landscape transformation has resulted in several environmental problems including, air and water quality deterioration, waste-disposal problems, flash flooding, high energy consumption, increasing poverty levels, growing demand for urban lands [2], decrease in agricultural land [3], and habitat destruction [4]. In the Asian developing regions, rapid urbanization has continuously caused a decline in the environmental quality of urban areas in lowland coastal cities [4]. As a result, mountain cities (also known as Hill Stations) are becoming progressively popular; a development that has driven the rapid conversion of mountain cities into multifunctional cities [5]. Thus, studies addressing landscape changes in mountain cities are essential for developing and implementing sustainable urban planning [5].



Mountain cities in Asia have been popular among westerners due to the cool climate and charming natural landscape. Relatively low temperatures and the natural environment are attractive to tourists and visitors [5]. During the colonization period (19th and 20th centuries), westerners developed mountain cities [5,6] to maintain their “western lifestyle” and to protect themselves from several wasting illnesses [5,7]. After the Second World War, most of the mountain cities had undergone rapid urbanization which resulted in rapid landscape changes and population growth. Today, the cooler natural environment has been altered due to rapid urban growth and mostly converted into a built-up environment. Thus, mountain cities have been experiencing several harmful impacts associated with accelerating urbanization. During the past decade, Asian mountain cities became a major field of active research, for example, Baguio in Philippines [5,8,9], Dalat in Vietnam [5], Pyin Oo Lwin in Myanmar [5], Bogor in Indonesia [5], Kathmandu in Nepal [10], and Kandy in Sri Lanka [11]. These studies have exposed that Asian mountain cities are becoming multifunctional cities and declining in environmental quality. Thus, mountain cities need to be focused at present to plan future development without further aggregating the environmental damages [5].



Nuwara Eliya is the highest city in Sri Lanka branded as the peak of the pearl of the Indian Ocean. The development pattern in Nuwara Eliya can be classified into three stages; (i) pre-British period, (ii) British period; and (iii) post-independence period [12]. In the pre-British period, the landscape was characterized by green virgin forest along with clean air and water. Nuwara Eliya was developed as a city under the second stage (British period) in the 19th century [12]. After 1847, most of the wealthy British families used Nuwara Eliya as a meeting place [12,13] due to the cool climate and scenic beauty. The plantation policy of the British rule negatively affected the natural environment by rapid deforestation in the mountain regions of Sri Lanka for plantations [12]. The third stage began after Sri Lanka got independence in 1948. At this stage, most of the British people left Nuwara Eliya, and land ownership was changed to the local people under the nationalization policy of the central government [12]. Most of the local landowners established their second home in the Nuwara Eliya area due to the cool climate and natural environment. In addition to that, every year, thousands of local and foreign tourists still visit Nuwara Eliya to get the experience of the cool climate, views of valleys, green mountains, and meadows [13]. At present, the tourism industry plays a significant role in accelerating the urbanization of the city which has resulted in several environmental problems. Thus, the study of land use/land cover (LULC) dynamics with the prediction of the future development patterns of the Nuwara Eliya hill station in Sri Lanka is essential to maintain its natural beauty while assuring the economic sustainability of the area.



The identification of spatiotemporal patterns of LULC changes and the related driving forces is essential to develop ideal urban plans and policies which can assure the economic, social, and environmental sustainability [14]. Many studies have shown that knowledge about the spatiotemporal changes of LULC derived from remote sensing and Geographic Information System (GIS) techniques can support urban development planning [15,16,17]. Several studies have effectively applied geospatial techniques such as urban–rural gradient and statistical analysis [18,19,20] as well as machine learning approaches such as support vector machines [21,22,23] to map and examine LULC changes. In addition, spatial land change models that simulate future LULC have become widely recognized as effective tools for developing and implementing sustainable urban planning. Among other approaches combining applications such as random forest with cellular automata [24], cellular automata with Markov chains [25], and Markov chain with genetic algorithm [26], the combination of artificial neural networks (ANN) with the Markov chain stochastic model have been proven to be successful in simulating future LUCCs in many complex urban environments [27,28,29]. The Markov chain model is a stochastic model designed to determine the probability of change from one state to the other. It is therefore very effective in the quantification of conversion states and revealing the transfer rates among different LULC types [30]. However, the Markov model lacks the ability to determine the spatial extent of LULC changes [30]. The ANN, on the other hand, is capable of incorporating spatial and temporal dimensions and has the advantages of being able to handle non-linear functions and learn from data relationships that are not otherwise known [31]. Thus, the ANN-Markov model provides an opportunity to successfully model future LULCs in Asian hill stations like Nuwara Eliya.



In this study, we hypothesized that the identification of the past, present and future urban landscape changes would help to guide urban planners and policymakers in their efforts towards achieving sustainable urban development in Nuwara Eliya, Sri Lanka. Previous studies related to the urban development have focused only on Colombo and Kandy [11,32] and neglected the Nuwara Eliya area which is named as the tourist hub of Sri Lanka in Vision 2025 development plan. Thus, this study contained two main objectives i.e., (i) examine the LULC change dynamics over the past 21 years and (ii) predict the future LULC changes in the Nuwara Eliya area, Sri Lanka. Landsat data and geospatial techniques including urban–rural gradient, statistical analysis and support vector machines (SVM) were used to map and examine the land use/land cover (LULC) change in Nuwara Eliya during the 1996–2006 and 2006–2017 periods. The multilayer perceptron neural network-Markov model was applied to simulate future LULC changes for 2027 and 2037. The study aims at enhancing the capacity and knowledge of policymakers and local government to minimize the possible negative impacts of rapid urbanization in the study area.




2. Materials and Methods


2.1. Study Area: Nuwara Eliya, Sri Lanka


The Nuwara Eliya area is located in the central highlands of Sri Lanka between 6°54′22.94″N and 7°2′28.53″N and 80°50′5.89″E and 80°41′57.23″E (Figure 1). The average elevation of the city is 1800 m above sea level. Nuwara Eliya receives an annual average rainfall of 1905 mm with peak rainfall from October to December. The daily mean temperature of Nuwara Eliya is 15.9 °C with an average low of 11.6 °C and an average high of 20.2 °C.



According to the Department of Census and Statistics of Sri Lanka, Nuwara Eliya has a multi-ethnic, multi-cultural population including Indian Tamil, Sinhalese, Sri Lankan Tamil, Sri Lankan Moor, Malay, and Burgher communities [33]. Over the last decade, the Nuwara Eliya area has undergone considerable development as a tourist city because it is one of the most attractive tourist destinations of Sri Lanka due to its cool natural environment. It is commonly known as the hill resort of Sri Lanka, or “Little England.” The Nuwara Eliya district has also been experiencing rapid urbanization with an estimated annual population growth rate of about 1.12% between 2012 and 2018 [34]. The population of Nuwara Eliya grew from 603,577 in 1981 to 711,644 in 2012 and is currently estimated to be over 800,000 [34]. The Nuwara Eliya district is about 1741 km² with an estimated population density of 438.3/km² [34]. The rapid urbanization has exerted pressure on land management and administration as well as sustainable urban planning.




2.2. Data Processing


Time-series Landsat 5TM and 8 OLI/TRS images obtained from the United States Geological Survey (USGS) website (http://earthexplorer.usgs) were used to extract LULC maps for 1996, 2006, and 2017. We selected atmospherically corrected pre-processed (<10% cloud-free) Landsat images (Level 2). Adhering to that criteria, we selected Landsat 5TM images for 24 March 1996 and 16 February 2006, and Landsat 8 OLI/TIRS for 18 March 2017. The selected images were georectified using the WGS84/UTM 44N projection system.



Table 1 shows the details of the other auxiliary data used for this study. The 30 m DEM was also downloaded from the USGS website to develop a slope map of the study area. The road network was extracted from a 1:50,000 topographic map obtained from the Survey Department of Sir Lanka. The forest reservation boundaries of the study area were extracted from forest cover maps obtained from the Forest Department of Sri Lanka. The auxiliary data was used to derive modeling variables used for the prediction of future LULC changes in the study area.




2.3. Overall Workflow


Figure 2 shows the overall workflow of the study to achieve aforesaid objectives with four primary steps viz., (a) LULC classification using machine learning algorithms based supervised classification and accuracy assessments; (b) selection of modeling variables; (c) prediction of the future LULC changes; and (d) assessment of LULC changes using urban–rural gradient analysis.




2.4. LULC Classification


In this study, we considered five LULC classes: built-up, forest, agriculture land, water, and other land (Table 2). LULC classification was then conducted as follows. First, we selected a pixel-oriented supervised classification method which is compatible with the primary data source categorized as medium resolution data (i.e., Landsat data). Second, we selected four types of classification methods facilitated by R software. R [36] is a free and open source statistical and computer graphic software generally used in various research fields for statistical computing and graphics [37]. One of the main opportunities of R is its wide range of machine learning image classifiers which allow pixel oriented image classification [37,38]. The methods used in this study included (i) support vector machines, (ii) K-nearest neighbor, (iii) random forest, and (iv) neural networks (See R Script provide in Annex B). In the process, the same set of training data were used to maintain the uniformity in the LULC classification for each year (i.e., 1996, 2006, and 2017). Hence, we generated four LULC maps for each year based on the adopted four types of classification methods.



In the third step, we sorted the LULC maps based on accuracy assessment and selected the maps with the highest value of both overall accuracy and kappa statistics. Following this selection criterion, we selected the LULC maps created by support vector machines for the years 1996, 2006, and 2017. Fourth, agreeing with previous researches [39,40,41,42], we adopted the majority filters and hybrid classification methods to resolve the problem of misclassification errors or salt and pepper noises that were generated by spectral confusion [39].




2.5. Accuracy Assessment


We conducted an accuracy assessment to determine the correctness of the LULC information derived from the Landsat data. We applied a stratified random sampling method [39,43] to cover all LULC types and generated 500 points for each year. Then, Google Earth historical imagery was used as reference data for accuracy assessment in 2006 and 2017. We could not obtain reference information for 1996 due to the low spatial resolution of Google Earth historical imagery. Hence, the topographic maps obtained from the Survey Department of Sri Lanka were used to assess the accuracy of the classified maps in 1996. Finally, we computed the user’s accuracy (accounting for errors of commission), producer’s accuracy (accounting for errors of omission), overall accuracy, and Kappa coefficient in each year using a confusion matrix [44,45]. This method is commonly used in similar studies, and details can be found elsewhere [46].




2.6. Land Change Modeler


The Land Change Modeler (LCM) is integrated into the TerrSet Geospatial Monitoring and Modeling software [47] to perform LULC change analyses, LULC prediction, and scenario simulation [48]. LCM provides a better understanding of LULC change patterns to support urban planning and sustainable development [49]. The LCM module is divided into three parts: (1) identification modeling variables based on past LULC changes and creation of potential transition maps between each LULC category by applying the Multilayer Perceptron Neural Network (MLP-NN); (2) preparation of transition area and transition probability matrices based on the Markov chain stochastic model using previous LULC maps to simulate future LULC; and (3) simulation and extrapolation of LULC maps, comparison of the simulated LULC maps with real maps to calculate LCM module accuracy, and production of predicted future LULC maps.



2.6.1. Modeling Variables Selection and Creating Transition Potential Maps


One of the critical steps in LULC modeling is to identify the best modeling variables that can explain the variation and allocation of LULC distribution when conducting spatiotemporal prediction [3,50,51]. In this study, we first defined seven modeling variables as driving forces of the LULC changes in the study area. These included: digital elevation model (DEM); slope; distance to central business districts (CBD); distance to the main road; distance from the persistent built-up area; distance from the footpath, jeep and cart road; and forest and water protection area (Table 3). All the modeling variables as spatial aspect were selected by considering the development pattern of the area while utilizing our knowledge about the study area. Other studies have shown that the best approach for variable selection based on study area characteristics, observed LUCCs overtime, and expert knowledge of the individual study areas [27,28]. After variable selection, we employed the fuzzy membership function to standardise all the modeling variables in order to reduce self-influence as variables had different ranges. Six variables, except for the protectd area, were standardized to a range of 0 to 1. The protected area was reclassified into a binary variable with values 0 and 1, i.e., 0 representing areas that cannot change and 1 representing areas that can change during the transition. To complete the first step in LCM, we then applied the MLP-NN module to create potential transition maps showing the potential of each transition at a given location in the entire study area (Figure 3). The MLP-NN was set at 10,000 iterations for each transition using dynamic automatic training and achieved accuracy values ranging from 83.23% to 92.42%. The accuracy values were all within the recommended accuracy rate of over 80% [47].




2.6.2. Transition Matrices


In the second step, we prepared the transition area and transition probability matrices based on the Markov chain approach using the 1996, 2006, and 2017 LULC maps produced in Section 2.4. The Markov chain model is a stochastic model designed to determine the probability of change from one state to the other. It is therefore advantageous in the quantification of conversion states and revealing the transfer rates among different LULC types [30]. However, the Markov model cannot determine the spatial extent of LULC changes [30]. By employing a Markov chain approach, the transition probability can be calculated based on past LULC maps [52]. Because of this characteristic, the Markov chain approach has been widely used to predict LULC composition by combining several models, including the MLP-NN model, cellular automata model, and a logistic regression model [53,54,55]. In this study, we used the Markov chain approach to calculate the transition probability area matrix using Equation (1) [56].


Nt+1= Pmatrix∗Nt



(1)




where Nt is a state vector of LULC at time t, Nt+1 is a state vector of LULC for the same types at time t+1, Pmatrix is a matrix that expresses the LULC transition probability from time t to t+1.



The transition area matrix was obtained based on two LULC maps (1996 and 2017) expressed as Equation (2):


A= [A11⋯A1n⋮⋱⋮An1⋯Ann]



(2)







The transition matrices from 1996–2006, 2006–2017, and 1996–2017 periods were examined by employing the Markovian transition estimator module in TerrSet version 18.31. The transition matrix between 1996 and 2006 was used to simulate the 2017 LULC map for model validation with the actual 2017 LULC map. The transition matrix between 2006 and 2017 was used to predict LULC maps for the years 2027 and 2037.




2.6.3. LULC Simulation and Model Validation


In the third (final) step, we used the 1996 and 2006 LULC maps to predict and produce the simulated 2017 LULC map. Model validation was then carried out by comparing the simulated 2017 LULC map to the observed 2017 LULC map produced in Section 2.4 above. Model validation was used to understand the effectiveness of the LCM [9,27,57]. We used Cohen’s Kappa coefficient [58] to check the agreement between the simulated and observed 2017 LULC maps. Equation (3) was used to derive the Cohen’s Kappa coefficient:


K=P0−Pe1−Pe=1−1−P01−Pe



(3)




where K represents the probability of agreement between two layers; P0 is the relative observed agreement among layers; and Pe is the hypothetical probability of chance agreement. Kappa values less than zero indicate no agreement between two maps; 0 to 0.2 indicate the relationship is slight; 0.21 to 0.4 indicate the relationship is fair; 0.41 to 0.6 indicate the relationship is moderate; 0.61 to 0.8 indicate the result is substantial while kappa values ranging from 0.81 to 1 indicate almost perfect agreement [59,60].



Since the application of Kappa evidence may not be sufficient to evaluate simulation efficiency correctly [61], we employed figures of merit (FoM) to cross-check the results [9,32]. To validate our evaluation, the observed and simulated 2017 LULC maps were cross-tabulated. The FoM was derived using Equation (4):


FoM=HH+M+F∗100%



(4)




where H, M, and F are the hits, misses and false alarms, respectively. After validating the model, we simulated future LULC changes and produced two LULC maps for the years 2027 and 2037.





2.7. Urban–Rural Gradient Analysis


“Gradient” can be defined as the variation in the values of a given variable [5]. Gradient analysis can be considered as an appropriate method to analyze landscape patterns [62]. This method was developed in the context of vegetation analysis [63]. During the past decades, gradient analysis has been widely used to capture the spatial and temporal variation of environmental variables with distance [3,5,64]. Several studies have demonstrated the applicability of gradient analysis in assessing land use dynamics from the city center to rural areas [32,65]. Nuwara Eliya developed based on the single core concepts. Development pattern shows the urban area to rural surrounding areas. Thus, we hypothesized that urban–rural gradient analysis is useful to understand the changing pattern of built-up and agriculture land. In addition, gradient analysis has also been used to analyze the decrease of agricultural land and the increase of built-up land [3]. In this study, we created 200 m multiple ring buffer zones (concentric circles) from the city center of Nuwara Eliya to extract LULC information. A total of 38 buffer zones were created. We assessed agricultural and built-up land changes in each buffer zones for the periods, 1996–2006, 2006–2017, 2017–2027, and 2017–2037. We then performed a linear regression analysis to find the relationship between changes in agricultural land and built-up land [3].





3. Results


3.1. Accuracy of LULC Maps


A comprehensive summary of the accuracy assessment results in each year is presented in Table 4. The accuracy assessment results show that the kappa coefficients achieved were 0.8, 0.9, and 0.9 and overall accuracies were 85%, 93%, and 92% for the 1996, 2006, and 2017 LULC maps, respectively (See Table A1, Table A2 and Table A3 in Appendix A). The classification errors observed emanated from spectral confusion between LULC classes with similar spectral responses, e.g., spectral confusion between forests versus some active agricultural lands or grasslands and vice versa; and built-up lands versus some bare lands and vice versa. Nonetheless, the Kappa coefficients and overall accuracy values achieved were sufficiently high (>80%) as recommended by the authors of [66] and therefore considered to be acceptable.




3.2. Spatial-temporal Changes in LULC


Figure 4a–c shows the classified LULC maps of the study area for the years 1996, 2006, and 2017, respectively. The results show that in 1996, the city center primarily consisted of built-up land while all other areas outside the city center consisted of other land uses, mainly agricultural lands and forests. In 2006, the built-up lands spread towards the southern, eastern, southwestern, and northwestern regions of the city. The results show that forest land increased from by 157.6 ha (i.e., 13,076.7 to 13,234.3) between 1996 and 2017 with a relatively slight annual gain rate of 7.5 ha/year.



Figure 4d,e show the LULC change maps for the periods of 1996–2006 and 2006–2017. According to the results, there has been a substantial conversion of agriculture land to built-up land over the past 21 years (1996–2017). Agricultural land showed a slight reduction trend from 1996 to 2006 (8503 ha to 8086 ha) and a notable reduction trend (8086 ha to 6584 ha) from 2006 to 2017 (Table 5). During the 1996–2006 period, agricultural lands decreased by 417.7 ha corresponding to an annual loss rate of 41.8 ha/year (Table 6). A much higher decrease of 1507.7 ha in agricultural lands translating to an annual loss rate of 136.5 ha/year was observed during the 2006–2017 period (Table 7). Overall, agricultural land continuously decreased from 1996 to 2017, translating into a total loss of 1919 ha and an annual loss rate of 91.4 ha/year or −1.2% annual change rate (ACR) (Table 8).



The loss of agricultural land to built-up land was confirmed by the increase in the built-up area from 289.9 ha in 1996 to 785.5 ha and 2080.4 ha in 2006 and 2017, respectively. This change represented a total gain of 1790.6 ha and an ACR of 9.8% in built-up land between 1996 and 2017 (Table 8). On the other hand, the loss from other lands (grasslands and bare lands) was relatively insignificant during the temporal study extent.




3.3. LULC Modeling and Simulation


Before simulating future LULC, we validated our model by comparing the observed and simulated 2017 LULC maps using Cohen’s Kappa coefficient and the FoM. The model validation results were 77.23% and 9.79% which were acceptable [32,61]. Thereafter, the model was used to simulate future LULC maps for 2027 and 2037 as shown in Figure 5b,c, respectively. According to the results, most of the central part of the study area will be covered by built-up lands in 2027 and 2037. Further, the built-up area will spread toward the eastern, southern, and southwestern regions of the city. The simulation results show between 2017 and 2027; the built-up area will increase by 13.4% and further increase by 17.7% between 2017 and 2037 (Table 9). The predicted annual increase in built-up land will be around 93.2 ha/year and 94.6 ha/year translating into ACRs of 3.8% and 3.3% for the 2017–2027 and 2017–2037 periods, respectively (Table 10 and Table 11).



On the other hand, agricultural land will continue declining. From 2017, the loss of agricultural land is predicted around 21.2% and 17.6% by 2027 and 2037, respectively. The predicted annual decrease in agricultural land will be around 181.5 ha/year and 131.5 ha/year translating into ACRs of −3.2% and −2.5% for the 2017–2027 and 2017–2037 periods, respectively. The results show that the forest may increase in size at a very relatively low rate of about 0.4% between 2017 and 2027 (Table 10).




3.4. LULC Changes along the Urban–rural Gradient


Figure 6a shows the distribution of the built-up lands and agricultural land across the urban–rural gradient zones from 1996 to 2017. The percentage of built-up land near the city center exhibits a rapid increase from 59.8% in 1996 to 86.8%, and 92.4% in 2006 and 2017, respectively. Similarly, the percentage of agricultural land shows a continuous decrease of 38.2%, 13.2%, and 5.8% in 1996, 2006, and 2017, respectively.



Figure 7a shows the spatial pattern of predicted built-up and agricultural land percentages in 2027 and 2037 compared to the base year (2017). The urban–rural gradient analysis shows a rapid decrease in the percentage of agricultural land from 1996 to 2037. The mean decrease in agricultural lands is estimated at 36.9%, 33.7%, 25%, 15.6%, and 11.9% while mean increase in built-up lands is estimated at 5.2% in 1996, 9.9% in 2006, 17.4% in 2017, 22.8% in 2027, and 27.2% in 2037, respectively. The gradient zones with >10% of built-up land were at a distance of 1.2 km in 1996, 2 km in 2006, and 3.4 km distance in 2017. The predicted results show that the gradient zones with >10% of built-up lands will shift to a distance of 6.4 km in 2027 and 6.6 km in 2037. The results indicate that these regions also have the highest loss of agricultural land from 1996 to 2037.



Statistical analysis shows that agricultural land changes had a significant negative relationship with built-up land changes between 1996–2006 and 2006–2017. However, the correlation will decrease during the 2017–2027 and 2017–2037 periods (Figure 6b,c, and Figure 7b,c). The predicted results indicate that a similar pattern can be expected in 2027 and 2037. The forest cover will not undergo significant changes, and more agricultural land will be replaced by built-up areas.





4. Discussion


4.1. Spatiotemporal LULC Changes and Driving Forces


In this study, we assessed the LULC changes of the Nuwara Eliya area over the last 21 years (1996–2017) and predicted possible LULC changes for the next two decades (2017–2037). Our results indicate that rapid urbanization has occurred in the Nuwara Eliya area during the last two decades, which has dramatically changed the urban landscape. The region experienced rapid development in the tourism sector over the previous decades with significant growth during the last decade (2006–2017) as the Sri Lankan Civil War ended in 2009. Therefore, new facilities were established to cater to growing social and economic demands from the growing population. Compared to the year 2009, the accommodation capacity of the hill country of Sri Lanka increased by 53% in 2016, while the occupancy rate increased from 42.2% to 75.24% during the same period. These figures confirm that there was an increase in infrastructure development as well as a boost in tourism during the last decade. Further, the development of transportation systems after 2009 was also intensified due to the rapid urbanization of the city [32]. Most of the development projects were associated with the development of accessibility across the country, especially the hill regions of Sri Lanka including the Nuwara Eliya area. Thus, this may have affected the rapid changes in the tourism sector of the study area. Policymakers and planners are notably concerned about this pattern of urbanization as it is vital in effective decision-making [67]. However, these studies are rare in the Sri Lankan context. As a developing city aiming to boost its tourism industry, the Nuwara Eliya area must be developed according to an effective plan that maintains its scenic beauty while developing the required infrastructure. According to the Tourism Vision 2025 of the Ministry of Tourism Development [68], the Nuwara Eliya area will develop into a national tourism hub. Therefore, predicted LULC changes might guide the proper planning of effective, efficient, and sustainable use of resources.



LULC maps for the years 1996, 2006, and 2017 show an increasing trend of built-up land in the Nuwara Eliya area (Figure 4). From 1996 to 2006, built-up areas increased by 495.6 ha with an ACR of 10.5%. It also increased up to 1294.9 ha (ACR = 9.3%) during the 2006–2017. Previous studies have shown that forest areas become more vulnerable to development because of urbanization pressure in other Asian mountain cities such as Kandy in Sri Lanka [11], Bengaluru in India [49], Kathmandu in Nepal [10], Baguio in the Philippines [5], Bogor in Indonesia [5], Dalat in Vietnam [5], and Islamabad in Pakistan [69]. However, the Nuwara Eliya area exhibits unique characteristics in the urbanization trend; instead of dramatic decreases in forest areas, agricultural land has significantly decreased. The results revealed that nearly 60% of the study area is under forest cover which could be attributed to the existence of forest reserves in the area. For the last 21 years, the study area has been dominated by forest because of government policies on conserving forest resources in upper catchment areas and initiatives taken by the upper watershed management project of the Asian Development Bank [70,71]. Hence, it means that the pressure of urbanization has exerted on agricultural lands and other lands (Table 8). The decreasing trend of agricultural land was significant during the second time point (from 2006 to 2017) compared to the first time point (between 1996–2006) (Table 6 and Table 7). The built-up area shows a similar (but inverse) pattern from 1996 to 2017; hence, the reduction of green areas was significant. Responding to the policy changes, the forest area increased during the first time point (1996–2007). However, there was some reduction (24.3 ha/year) during the second time point (2006–2017) as some unreserved forest areas were cleared for other land uses (Table 7). According to our LULC forecasts, the forest cover may remain without significant changes (Table 9), akin the government policies. If the current forest resource reservation and restoration policies for upper catchment areas remain, forest areas may increase by 552.5 ha with 55.2 ha/year during the 2017–2027 period. However, because of the saturation of forest reserves and rapid urbanization pressure, some forest areas may be deforested between 2027 and 2037. Thus, when we consider the 2017–2037 period, the annual gain of forest cover will remain small at 3.2 ha/year. The predicted maps show that similar pattern of increasing built-up areas and declining agricultural areas can be expected for 2027 and 2037. These changes are most notable in northeastern, southern, and southwestern regions of the area. Our results indicate an increasing trend of land use conversion (from agricultural land to built-up land) at 5.1%, 14.4%, 14.4%, and 26.9% in 1996–2006, 2006–2017, 2017–2027, and 2017–2037 periods, respectively. A similar pattern of agricultural land loss can be seen in previous studies conducted in P.O. Lwin in Myanmar [5], Hangzhou in China [3], Tianjin in China [72], Baguio in the Philippines [5], Tehran in Iran [44], and Kandy in Sri Lanka [11].



In model validation, Kappa and FoM reached 77.23% and 9.79%, respectively. We can confirm the strong relationship between observed and simulated results, if, the Kappa value reported more than 60%. Moreover, the FoM value is used to test the changes between two-time points i.e., changes that occurred from 2006-2017 as well as 1996 to 2017 in this study. The FoM value is influenced by LULC categories, annual change rate, and transition steps. For example, Subasinghe et al., simulated changes in the Colombo metropolitan area with three LULC categories and reached FoM of 15.06% in 2016 [32]. Sloan and Pelletier simulated forest-cover changes and reached FoM of 8.36% in 2012 [73], which was also considered as accepted. The most important reason why we cannot reach a high FoM value is that the other LULC category has a significant change from 1996 to 2017. As policy changes reserve the forests, during the first time point (1997–2006) a significant portion of marginally suitable lands (mainly bare lands and grasslands) converted to agricultural lands. However, during the second time point (2006–2017), some of those were reconverted to bare or grasslands due to poor productivity and economic return from those lands. Therefore, the FoM of 9.76% in this study can be accepted for further research.



In this study, we selected seven modeling variables as possible driving forces of future change. When selecting modeling variables, our selection was limited to the variables with the spatial property because these variables do not show frequent changes over time. The simulation was predicted possible future changes in the next 20 years based onstage of 2017, assuming no natural disasters, no changes in human factors or policies. According to the simulation results, if the current condition (2017 condition) will continue, about 1772.3 ha of cropland will change into built-up (Figure 5, Table 10 and Table 11) by 2037, which can make a significant change to socio-economic conditions of the area.



When predicting future LULC changes, 2017 was considered as the base year to quantify the changes along with the urban–rural gradient analysis. According to the predictions, LULC shows minimum changes over time in near the city center as the area is already saturated by built-up land. Beyond the city center, agricultural land shows further loosing while built-up areas are increasing over time. The average agricultural land percentage decreases by 9.4% during 2017–2027 and 13% during 2017–2037. Built-up land demonstrates a significant upward trend in the predicted result with increasing rates of 5.4% (2017–2027) and 9.7% (2017–2037). The change patterns in built-up and agricultural land show a strong significant negative relationship in both periods (Figure 6b,c). Although not much consistent as the 1996–2017 period, future predictions also show the same trend (Figure 7b,c). This result confirms that urbanization pressure has already reached the peripheral areas from the city center and will continuously move to the peripheral areas. This relationship can be attributed to the shifts in the urbanization patterns in the Nuwara Eliya area.



The urbanization pattern of the study area is different from other cities in Sri Lanka, such as Colombo and Kandy. The forest protection policies and topological and geomorphological constant have been directly contributed to more urban development pressure. These barriers have also contributed to the decreasing availability of the land for urban development. The urban development shows a scattered urbanization pattern during the temporal study extent. It has directly been influenced by the road network. More built-up patches were observed along with the road network. The new built-up patches were developed near the rural centers (Figure 4). Thus, the urbanization pattern of the study area shows a different scatted pattern compared with other major cities in Sri Lanka such as Colombo and Kandy. Colombo is a coastal city [32] while Kandy as a hilly city [11].



Moreover, we noted that the present urbanization process of the study area is not properly planned, and it has negatively affected the scenic beauty of the city. Thus, if this unplanned urbanization continues, it will lead to several environmental issues such as air pollution [74], water pollution [5], traffic congestion [67], and increasing land surface temperature [75,76,77]. Thus, policymakers must consider the rapid urbanization pattern of the city and introduce proper landscape and urban planning in the future to maintain the city’s natural beauty and ensure that the nation’s tourism industry is sustainable. The green-based development would help to enhance the natural beauty and minimize the destructive impacts associated with urbanization [78,79].




4.2. Landscape and Urban Planning in Nuwara Eliya


As most of the forest areas of the study area are forest reserves, urbanization pressure has been directed towards agricultural land. This situation may be unavoidable under the present policy implementations on land use and development of the tourism sector. However, upcountry agriculture plays a vital role in supplying exotic vegetables, fruits, cut flowers, and world-famous upland Ceylon tea to the local and international markets as most of those are unique to the upcountry landscape. The tourism sector is flourishing with these agricultural products, and their reduction may negatively affect the area’s tourism industry and socioeconomic conditions.



The urban–rural gradient analysis demonstrates that the city center is already saturated with built-up land that is extending to peripheral areas along the main access roads from the city center. Hence, agriculture in the area may be in peril. To control the clearing of agricultural land for built-up areas, policies that maximize land utilization such as those promoting storied buildings instead of single-story buildings without harming the existing British colonial style city architecture should be implemented [13]. Local governments must formulate and implement new policies and facilities for other development concerns such as proper waste management and storm-water drainage to maintain the region’s scenic beauty. Adequate implementation for existing rainwater harvesting policy also may help minimize the effects of increasing surface runoff due to land use changes. A demand assessment of fresh fruits, vegetables, and cut flowers may also help clarify the requirements of the growing tourism industry which could then further support the sustainability of the sector.



Land degradation has been identified as one of the most critical problems affecting the economic development of the study area [80,81,82]. Increasing urbanization can directly affect natural resources and cause a high level of environmental degradation. The essential manifestations identified are soil degradation, sedimentation of water bodies, and marginalization of agricultural lands [83]. A thorough examination of converted agricultural land demonstrates that most of these regions consist of other lands; an alarming trend of abandoned agricultural land due to land degradation. Abandoned agricultural land might be a critical environmental concern in the future because of increased soil erosion, sedimentation of water bodies, and landslides. Presently, the Nuwara Eliya district is ranked as the district with the highest soil erosion [84,85,86], and LULC changes may aggravate the issue further.



Although landslides have traditionally been listed as a minor type of disaster in Sri Lanka, there have recently been several landslides reported in the upcountry areas [87,88,89]. Therefore, urgent attention is required to implement existing soil conservation policies to control the marginalization of agricultural land, soil degradation, and sedimentation of water bodies. Climate change may aggravate the negative impacts further [90,91]. With diminishing agricultural land due to land-use conversion and land marginalization, farmers tend to over-apply fertilizers and other agrochemicals aiming to maximize crop production. Nuwara Eliya is characterized as one of the areas in which the overuse of agrochemicals and fertilizers is notable [92,93,94]. Overuse of agrochemicals might negatively affect the soil and water quality, hence influencing the tourism industry. Therefore, urgent attention is required to control the over-application of agrochemicals and maintain a variety of foods and beverages.



With the above background on the impacts of landscape changes on agricultural land in the study area, policy direction should perhaps move towards addressing the threat to agriculture. Although land use policies to control land fragmentation and prioritize agricultural oriented uses are available, they are not effectively implemented yet [95,96]. It is essential to implement policies to control LULC changes in the area to sustain the agricultural sector. Some policies such as preparation of zonal plans discouraging conversion of good agricultural lands to other land uses are proposed [95] to safeguard the agricultural lands. Care should be taken when formulating and implementing policies to manage the environment [97] because agricultural land use has a close relationship with water and other natural resources [98], the rural economy and food security [97]. Our study has demonstrated the forests in Nuwara Eliya have been preserved. Since the cool climate and natural environment are major driving forces of tourist attraction [13], ecosystem services provided by forest covers are invaluable to the development of Nuwara Eliya Area as a national tourism hub. Nuwara Eliya also shows a relatively higher rate of warming compared to other areas of the country [90,91]. Therefore, agriculture policies should be implemented strategically in conjunction with the existing forest policies as the role of forest cover may be crucial under these circumstances. For example, under the current policy, with the help of Asian Development Bank (ADB), projects aimed at the restoration and conservation of upper watershed areas with an emphasis on agroforestry [70,71] have exhibited a positive impact on the region’s forest resources. According to our predictions, this impact may exist for another decade before urbanization pressure is directed toward forest areas. Therefore, further awareness and law enforcement are required to manage these forest resources sustainably while improving the agriculture sector in the study area. The future urban development plan should be focused aligning with “goal 11” of sustainable development [99].





5. Conclusions


We assessed the LULC changes in the Nuwara Eliya area for a period of 41 years (1996–2037). Results demonstrated a close negative relationship between the increase in built-up land and a decrease in agricultural land over time. We noticed that the city center is already saturated and identified the sprawl of urbanization along the main roads from the city center. We identified the development of the tourism industry as the driving force to urbanization and possible threats for the sustainability of the tourism industry due to LULC changes. With the urbanization of the Nuwara Eliya area, agricultural land is diminishing at an alarming rate of 174.5 ha/year, which may be unsustainable for the region’s socioeconomic conditions and tourism industry. Up to now, forest areas have been free from the urbanization threat; however, with further development, forest areas may also be affected. The changing climates, increasing of heat islands, and imbalance of ecosystem services that are already identified in similar climates may also affect the Nuwara Eliya area, putting the city’s tourism industry in danger. Therefore, proper planning for LULC changes must consider and minimize these effects. Our results may guide policymakers to take necessary actions to maintain the sustainability of residents’ livelihoods and the tourism industry of the Nuwara Eliya area.
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Table A1. Error matrix for the classified 1996 land use/cover map.






Table A1. Error matrix for the classified 1996 land use/cover map.





	
Classified Data

	
Reference Data

	

	




	
Built-up

	
Forest

	
Agricultural Land

	
Other Land

	
Water

	
Total

	
User’s Accuracy (%)






	
Built-up

	
72

	
8

	
6

	
3

	
0

	
89

	
80.9




	
Forest

	
2

	
165

	
10

	
3

	
3

	
183

	
90.2




	
Agricultural land

	
5

	
17

	
140

	
2

	
2

	
166

	
84.3




	
Other land

	
2

	
2

	
3

	
34

	
1

	
42

	
81.0




	
Water

	
0

	
2

	
2

	
0

	
16

	
20

	
80.0




	
Total

	
81

	
194

	
161

	
42

	
22

	
500

	




	
Producer’s accuracy (%)

	
88.9

	
85.1

	
87.0

	
81.0

	
72.7

	

	








Overall Accuracy (%) = 85%.
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