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Abstract

:

Through long-term interactions with the natural environment, the ethnic groups in the mid-Himalayas have formed unique urban environmental characteristics. Effectively identifying urban environmental characteristics is a prerequisite for implementing sustainable urban management strategies. This study took 194 towns in the mid-Himalayan as the research objects. GIS was used to statistically analyze the terrain, climate, soil, and other environmental characteristics of the towns. The SOM (Self-organizing map) method was used to classify the comprehensive environmental characteristics of the towns. The results show that the main urban environmental characteristics in this area are low-altitude towns account for a large proportion, gentle-slope towns account for a small proportion, rainfall is mainly 125–265 mm, vegetation cover is dominated by high-coverage towns, mainly distributed in central and southern parts, the soil is dominated by embryonic soil and alluvial soil. The SOM method overcomes the subjectivity and low degree of automation in traditional research on urban environmental characteristics using threshold indicator methods or feature interpretation methods. Based on environmental characteristics, the towns were divided into six categories, and the classification results showed a distinct north–south zonal distribution pattern. There were significant differences in the environmental characteristics of towns in different clusters, such as the towns in cluster 5 had high altitudes, low rainfall, and low vegetation coverage, while the towns in cluster 2 had low altitudes, high rainfall, and high vegetation coverage. Finally, based on the SOM clustering results, governance strategies were proposed for towns in different clusters to cope with climate and environmental changes and promote sustainable development in the mid-Himalayan.






Keywords:


middle Himalayas; town; environmental sustainability; SOM; climate change












1. Introduction


The complex mountain habitats in the middle reaches of the Himalayas have nurtured many distinctive ethnic minorities and indigenous cultures [1,2]. The long history of harmonious coexistence between man and nature has formed the World Heritage landscape belt around the Himalayas, which is a microcosm of the Himalayan cultural and geographical landscape system [3]. As the region’s core, the geographical distribution of towns is the continuous interaction between socioeconomic culture and the natural environment [4,5,6]. In the long-term interaction with the natural environment, different ethnic groups in the mid-Himalayan region have formed unique ethnic cultures [7,8]. In areas where ethnic groups congregate, the different ethnic cultures make the environmental characteristics of the towns of each ethnicity have different characteristics [9]. The formation of the town’s environmental characteristics is the result of the combined effects of nature, culture, history, economy, and other factors, which support the production and living activities of people of all ethnic groups [10,11,12]. Therefore, analyzing the town’s environmental characteristics in the mid-Himalayan region and studying the regional characteristics of the town environment will promote the healthy and sustainable development direction and model of towns in this region.



Current research on town environmental characteristics mainly focuses on the ecological environment and urbanization [13,14,15], town spatial layout, and geographical conditions [16,17,18]. For example, Zhang et al. studied new urbanization from the perspective of land transfer [19]. Saadi et al. determine the proportion of ecovillages based on the inhabitants’ preferences for France’s geographical location [20]. At the same time, the analysis of large-scale human settlement environmental characteristics has gradually become a research hotspot, such as Jia et al. confirmed the influence of geographical, environmental characteristics on the division of Tibetan settlements in China [21], G Zhou et al. revealed the intrinsic mechanism of natural geographical environment on the evolution of settlement layout [22]. Overall, the existing studies are mainly based on islands, mountains, and basins [23,24,25]. Affected by the intertwined influence of special natural geography and humanistic environment, the town environment types in the mid-Himalayan region are complex and diverse [3]. Under the interaction of various internal and external factors, such as global climate change and human activities [26], the towns in this region are undergoing a series of transformations and reconstructions, such as the reorganization of socioeconomic forms and the enhancement of regional functions. However, the effective identification of differences in town environmental characteristics is a prerequisite for the implementation of regulatory models and sustainable strategies [27,28,29].



At present, research methods have gradually shifted to modern spatial information technology and mathematical model analysis [30,31], mostly using GIS spatial analysis and metric models as the main methods [32,33,34]. However, current studies mostly use indicator thresholds or expert interpretation to identify differences in town environments [35,36,37]. The design of indicator thresholds or interpretation rules relies too much on the expert’s understanding of regional laws and has low versatility and automation, which can easily lead to large uncertainties in classification results [38,39]. Multivariate statistical methods (CA and PCA) cannot simultaneously reveal the correlation and classification of different variables and samples, especially for high-dimensional and complex data sets. To overcome the subjectivity and low automation of methods based on indicator thresholds or feature interpretation, some scholars have proposed unsupervised classification methods based on self-organizing feature mapping neural network (SOFM) models and clustering methods [40,41,42]. Unsupervised classification models can divide a large number of unlabeled samples into several categories according to the “birds of a feather flock together” principle, based on the similarity of their data features [43,44]. Since the town environment is the result of many driving factors, the use of GIS and SOM can quickly integrate terrain, climate and soil, water and land transport conditions, and other environmental factors to effectively identify town environmental characteristics.



Therefore, taking the central Himalayan region as the main research area, this paper analyses the influence of topographic environment, climate, soil, and transport conditions on the formation, development, and spatial pattern of towns in this region based on quantified data of town geographical and environmental characteristics. Furthermore, the environmental differences of towns in the central Himalayan region are revealed by using SOM to propose a governance framework adapted to climate and environmental changes.




2. Materials and Methods


2.1. Study Area


The main study area of this paper covers the southern foothills of the Himalayas and the Mt. Qomolangma National Nature Reserve in China (Figure 1). Part of the study area is in Nepal, a landlocked country in South Asia, bordering China’s Tibet on the north and India on the other three sides. According to the natural conditions, Nepal can be divided into three regions: the northern high mountains, the central temperate valleys, and the southern subtropical plains [45]. Nepal’s climate varies greatly from south to north. The lowest winter temperature in the north is −40 °C, and the highest summer temperature is 45 °C. Due to the influence of the terrain, there is also a large difference in rainfall between the northern and southern regions of Nepal [46]. Most of the rainfall occurs in the southern plains and central valleys, which are topographically low. When warm and humid air currents reach the northern high mountains, the moisture content is very low, and precipitation is difficult to form. As a result, Nepal’s agricultural land is concentrated in the southern plains and a few central valleys. Nepal’s economy is dominated by agriculture with relatively backward infrastructure [47]. Another part of the study area is the Mt. Qomolangma National Nature Reserve in Tibet, China, with an average altitude of over 4800 m. The vertical zonation of the mountains is significant. The southern mountains block the warm and humid air currents from the Indian Ocean and form a large amount of precipitation at the foot of the slopes [48], resulting in rich vegetation types in the southern mountains. The erosion of mountain valleys, rivers, and alpine glaciers has created deep river valleys and complex landforms [49,50].




2.2. Data Sources and Processing


The DEM data are from the Geospatial Data Cloud (http://www.gscloud.cn/ (accessed on 10 January 2022)) with a spatial resolution of 30 m, and the slope and slope change data are derived from the DEM; the annual mean precipitation and annual maximum precipitation data have a resolution of 250 m and are from the NOAA Global Environment NASA MOD13Q1 dataset (https://modis.gsfc.nasa.gov/ (accessed on 10 January 2022)); the land cover data are from the GlobeLand30 Global Geographic Information Public Product (National Geomatics Center global land cover data product service website www.webmap.cn (accessed on 10 January 2022)) and the land cover dataset types include: cropland, forest, grassland, shrubland, wetland, water body, moss land, artificial surface, bare land and glaciers and permanent snow. The NDVI vegetation cover data are from NASA (https://modis.gsfc.nasa.gov/ (accessed on 10 January 2022)) MOD13Q1 data with a time interval of 16 days for the whole year 2020, processed using ENVI and ArcGIS software, and the NDVI value for the study area is obtained by composing the maximum value, ranging from 0 to 1. The soil type data are obtained from the World Soil Database; the distance to river and road are extracted from the vector data of rivers and roads, which can be obtained using proximity analysis in the Spatial Analyst Toolbox of ArcGIS.




2.3. Method


The study area spans high mountains, valleys, and plains from north to south, with climate changing rapidly with altitude over relatively short horizontal distances, as do hydrology, vegetation, ecological conditions, and the socioeconomic environment. This rapid environmental change, in turn, affects culture and town society. There is enormous heterogeneity in rainfall, vegetation, and human livelihoods from north to south and east to west. At the local scale, the distribution of towns has a very close relationship with the natural environment, specifically manifested in the fact that the location, morphology, and distribution of towns are influenced or even controlled to varying degrees by natural environmental factors such as climatic conditions, geomorphological characteristics, and river network patterns. Therefore, this paper first obtained information on nine environmental factors, including elevation, slope, precipitation, and land cover for 194 towns using ArcGIS 10.2, and then statistically analyzed the number of towns at different intervals, which tentatively revealed the environmental characteristics of town distribution.



The SOM (Self-organizing map) analysis was then performed using the Kohonen package in R (Figure 2). The training size of the neural network was 194, each with 6 types of environmental factor data. In this study, the initial value of map size was first estimated using the Vesanto formula   5  n    (where  n  is the number of samples), and then the optimal map size was determined according to the minimum values of quantization error (QE) and topographic error (TE) [51]. QE is used to measure the average distance between each data vector and the best-matching neuron, and TE measures the accuracy of the map in preserving the topology of the data. The SOM network cannot automatically determine the optimal number of classifications, so clustering methods must be combined to achieve a scientifically sound spatial clustering effect. In this study, the k-means method was used in combination with the Davies–Bouldin Index (DBI) to determine the optimal number of clusters. That is, k-means clustering trials were first performed based on different numbers of categories, usually from 2 to N, where N is the number of samples of all input data, and finally, the Davies–Bouldin index was used to determine the optimal number of clusters [52].





3. Result


3.1. Analysis of Town Environmental Characteristics Factors


As shown in Figure 3 and Table 1, we have summarized the basic information of elevation, slope, rainfall, and soil for the towns. Firstly, the classification criteria for altitude levels and slope gradient levels are jointly developed by the International Organization for Standardization (ISO) and the International Civil Aviation Organization (ICAO). The analysis shows that there are 45 towns in the plains (0–499 m), 49 towns in the low mountains (500–2499 m), and 28 towns in the middle mountains. The towns within these three altitude ranges account for 77.7% of the total number of towns. There are 55 towns on flat slopes (0–5°), 32 towns on gentle slopes (6–15°), and 52 towns on steep slopes (16–25°). The towns within these three slope ranges account for 68.4% of the total number of cities.



The analysis of the average annual rainfall shows that there are 18 towns with rainfall of 161.1–265.3 mm, 59 towns with rainfall of 125.0–161.1 mm, and 46 towns with rainfall of 86.0–125.0 mm. These three intervals represent 63.4% of the total number of towns. We reclassified the vegetation cover values into five levels: 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0, representing low coverage, medium–low coverage, medium coverage, medium–high coverage, and high coverage, respectively. There are 108 towns with high coverage, distributed in the central and southern parts of the study area, where there are dense forests, vast grasslands, and fertile farmlands. There are 37 towns with medium–high coverage, 13 with medium coverage, 16 with medium–low coverage, and 20 with low coverage. These towns are in the northern part of the study area, where the altitude is high, the temperature is low, and the rainfall is low, which is unsuitable for the growth of herbaceous vegetation.



In terms of soil types, there are three towns dominated by low activity, highly acidic soil, and 104 towns dominated by embryonic soil located in the central part of the study area, which is the valley and mountainous areas of Nepal. There are 26 towns dominated by alluvial soil, which is formed by the transport and deposition of rivers downstream. There are two towns dominated by glacial soils located in the northern part of the study area where the altitude is high, and the temperature is low, making it unsuitable for cultivation. There are 50 towns dominated by shallow soils located in the central and northern parts of the study area. One town is dominated by black soil, which has very high soil fertility. Eight towns are dominated by loose–rocky soils adjacent to alluvial soils, which also have relatively fertile soils suitable for cultivation.



Furthermore, in terms of land cover types of towns, there are 61 towns dominated by cropland, which are mainly located in the central and southern parts of the study area, where the terrain is relatively flat, and the soil is fertile, which is the main cultivation area in Nepal. There are 102 towns dominated by forest, grassland, and shrubland, indicating that the region is covered by dense forests and extensive grasslands. Four towns are dominated by artificial surfaces, including Kathmandu, the capital of Nepal. There are three towns dominated by glaciers and permanent snow, located in the central and northern parts of the study area, where the altitude is high, and towns are sparsely distributed. There are 22 towns dominated by bare land, also distributed in the central and northern parts of the study area, where natural conditions are poor, making it difficult to develop agriculture and livestock. Two towns are dominated by water bodies located around large lakes and rivers.




3.2. SOM Clustering of Town Environmental Characteristics


The dataset of geographical and environmental factors of the 194 cities was used as training data for the SOM network to obtain the U-matrix of each feature parameter. The distance between each grid node and its neighbors is represented by different colors, where each hexagon represents a neuron in the component plane. Areas with low neighbor distances indicate a group of similar nodes, while areas with high neighbor distances indicate greater differences between nodes. The parameters obtained from the SOM were clustered twice. First, the optimal number of clusters was calculated as six by Davies–Bo. Then, after two rounds of iterative training and continuously changing the neuron center nodes, the six feature parameters were finally divided into 6 clusters (Figure 4).



Based on the SOM results, we used GIS to show the distribution of cities in different geographical environment combinations. We found that the cities have an obvious north–south zonal distribution pattern, which reflects the regional differences in the living environment shaped by geographical differences. From north to south, the clustering results of cities according to environmental characteristics are cluster 5, cluster 4, cluster 6, cluster 1, cluster 3, and cluster 2. Combining Figure 5, we can identify the main environmental characteristics of the different clustered cities. For example, the cities in cluster 5 generally have higher altitudes but lower precipitation and vegetation cover. The cities in cluster 2 have extremely low altitudes and slopes, but higher precipitation and vegetation cover. Cluster 3 is similar to cluster 2, with relatively low altitude and high vegetation cover, but the slope of cluster 3 is significantly higher than that of cluster 2. Cluster 1 has lower altitudes but higher slopes and higher vegetation cover. Cluster 4 has a high altitude, high slope, low precipitation, and vegetation cover. Cluster 6 is similar to cluster 4 but has higher altitudes and slopes than cluster 4.





4. Discussion


4.1. Influence of Different Environmental Factors on Towns


The phenomenon of building cities against mountains is quite common in Nepal. The livelihood pattern of relying on mountains and slopes is based on natural geographical considerations. The middle and high mountainous areas of northern Nepal and the southern Mt. Qomolangma Protected Area have very high altitudes, cold climates, and barren lands, resulting in a relatively sparse distribution of towns [45,46]. The distribution of these towns reflects the selection of the geographical environment by the ancient people. Southern Nepal has relatively lower elevations, a suitable climate, and the ability to withstand certain natural disasters. The fertile land provided agriculture to ensure a normal life for the ancient people. Thus, ancient settlements were mostly located in southern Nepal [47,48]. The slope reflects terrain variations and affects human production activities and land suitability for cultivation [54].



Due to the lack of arable land, towns are mostly built against mountains and follow the terrain, showing a high degree of conformity with the natural environment. Arable land is fundamental to the survival of villages. A full sense of settlement and habitation is not established until agriculture becomes the dominant economic form. However, arable land is limited to relatively small areas at low altitudes where the heat allows crops to be grown [55,56]. The distribution of arable land is also constrained by the slope of the terrain and surface materials. The complex and rugged terrain makes it difficult to effectively fix soil, store fertilizer, and retain water if slopes are too steep [57]. Only relatively flat river valleys and basins have suitable soil conditions for cultivation. Coupled with the relatively dry climate, the development of agriculture also requires accessible irrigation conditions. Influenced by these factors, most arable land is concentrated in the river valleys of central Nepal [49,50]. Within the study area, the regions with the best cultivation conditions are in the southern plains. The generally suitable cultivation areas are in the central–southern river valleys. About 30% of the uncultivable land is in the northern highlands and the southern Mt. Qomolangma, where natural conditions are harsh, but there are still a significant number of towns.



River systems have had an important influence on the location and distribution of regional cities. On the one hand, the rivers provide water sources for life and production in the cities, allowing for more developed agriculture, which in turn creates the conditions for population aggregation [58]. On the other hand, rivers also provide the material basis for town development. Large cities are basically distributed along rivers [59]. The road network plays a crucial role in the economic development of a region. For a region to engage in cultural exchange and business with outside areas and to expand markets, it must improve the connectivity of its road network. Only with transport links can stable economic relationships be established [60]. The clear majority of settlements are located close to the road network, which provides links and trade with the outside world. It is only with these links that settlements can continue to aggregate and develop into cities [61].




4.2. Combined Influence of Environmental Factors on Towns


The results of the SOM analysis show that factors such as topography, soil, climate, and agricultural practices influence the distribution of cities. We also created a correlation heat map of the geographic environmental factors. The results show significant correlations between the factors. For example, the correlation coefficient between vegetation cover and rainfall is 0.65, showing a clear positive correlation. The correlation coefficient between altitude and precipitation is −0.72, indicating a significant negative correlation (Figure 6); this also shows that cities are influenced by the combined effects of environmental factors.



The SOM results show an obvious north–south zonal distribution pattern of towns, reflecting regional differences in settlement environments in the mid-Himalayas, which are shaped by geographical differences [1,2]. The distribution of clusters shows the spatial patterns of different ethnic groups adapting to the natural environment and forming ethnic settlement characteristics. In the early development stage of civilization in the mid-Himalayas, constrained by lower productivity, the ability to transform the natural environment was weak. Therefore, the choice of a habitable place was one of the basic principles for survival [4,5,6]. Settlement required the selection of regions with relatively superior natural and geographical environments. The northern Himalayan slopes are dominated by subtropical arid and semi-arid climates with plateau lacustrine basins [45], resulting in a sparser distribution of towns. The southern Himalayan slopes and Nepal River valleys are the regions with the best natural environment, relatively better natural geographic climate, suitable temperatures, landforms, and topography, providing superior natural conditions for crop growth [49,50]. Agricultural development led to a more concentrated population in this region; thus, towns were established in areas with more concentrated populations [47]. In selecting locations for town settlements, the ancestors valued both macro-level and micro-level geographic space choices, taking full account of natural geographic and environmental factors, especially highland climatic characteristics such as temperature, precipitation, and monsoons.




4.3. Policy Implications


Spanning the Himalayas, Sagarmatha National Park is a world-renowned high-altitude ecological tourism destination. Although China and Nepal have significant differences in the establishment of protected areas, the towns on the northern and southern slopes of Mt. Qomolangma have formed a shared regional cultural value. This region collectively provides spiritual enjoyment for visitors, including aesthetics and religious fulfillment. Formulating differentiated adaptation strategies based on the clusters and establishing a multidimensional governance framework that adapts to climate and environmental change by integrating multiple stakeholders is an effective strategy [62]. Currently, various adaptation strategies exist at national and sub-national levels through policies, plans, and projects. Most national adaptation projects and plans include watershed management, climate-smart agriculture, improving access to information for decision making, and disaster risk reduction [63]. This study has shown that the spatial distribution and economic production of mid-Himalayan towns are influenced by the geographical environment. Adapting to climate and environmental change and achieving sustainable development of human settlements in this region will become important issues. The clustering results of town environments in this study will facilitate the implementation of sustainable environmental policies in this region. For example, for cluster 3 cities with low elevation and high vegetation cover, we suggest strengthening policy support for the ecological tourism economy. Since the 1980s, the northern and southern slopes of Mt. Qomolangma have gradually become world-renowned trans-Himalayan ecological tourism destinations. The city of Shigatse on the northern slope is actively promoting Mt. Qomolangma ecotourism. Ecotourism in Sagarmatha National Park on the southern slope has also become an important pillar of local economic and social development. The Everest Base Camp Trek (EBC) in Sagarmatha National Park and the East and North Faces of Everest Trek (ENFE) in Mt. Qomolangma Nature Reserve are world-renowned high-altitude trekking routes [64]. Based on the research results, we propose sustainable development suggestions for towns at different scales (Figure 7): at the study area scale, promoting cross-border cooperation between national parks and nature reserves of China and Nepal, and promoting sustainable development of the Mt. Qomolangma region. At the cluster area level, we suggest improving the co-construction and co-management of national park protected areas and town communities, ameliorating the socioeconomic status and outdated production and living habits of the communities, and improving the way resources are utilized. Community resource management plans should be formulated to determine the management methods for natural resources and propose reasonable development initiatives. Under the coordination of co-management committee members, protected area organizations should formulate community resource management plans and promote the implementation by communities. Since each town has a different geographical location and economic development status, the management goals are different for each town. Before the project was launched, a few typical towns were selected from each cluster as pilot communities to implement co-management, accumulate experience, and promote it to the entire community, so that biodiversity conservation and economic development can achieve harmonious unity.




4.4. Limitations and Shortcomings


In this study, we analyzed the environmental characteristics of towns in the mid-Himalayan region using GIS and SOM and classified them according to their comprehensive environmental features. The classification results reflect the characteristics of the towns very well. BBased on the classification results, we proposed to formulateformulating adaptive environmental policies for towns in different clustering areas. However, due to the limitations of the research data sources, we lack more detailed investigations on the socioeconomic environment of the towns. In our follow-up studies, we will select typical towns in the study area and collect higher-resolution social and natural environmental data through questionnaires and environmental sampling devices, to propose more targeted environmental policies.





5. Conclusions


Based on GIS and SOM methods, this study analyzed the environmental characteristics of towns in the middle Himalayas. The results show that in the settlement site selection decisions, towns in the middle Himalayas chose sites on gentle slopes or terraces near rivers. Due to the lack of cultivated land, towns are mostly located against the mountain, following the terrain, showing a high degree of fit with the natural environment. The choice of town settlement sites not only pays attention to the selection of macro location, but also highly values the selection of micro geographical space, fully considering its natural geographical and environmental factors, especially the characteristics of climate such as temperature, precipitation, and monsoon. The results of SOM show that the towns have an obvious north–south zonal distribution spatiaal structure. The differences in geographical environment shaped the spatial differences in the human settlement environment of towns in the middle Himalayas and further influenced all aspects of politics, economy, culture, and society in this area, forming a unique human settlement system. Adapting to climate and environmental change and achieving sustainable development of the human settlement environment in this region will become an important issue. Attempting to establish a multidimensional governance framework adapting to climate and environmental change is an effective strategy for integrating multiple stakeholders.
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Figure 1. Research area (Place names or mountain peak names marked in the picture). 
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Figure 2. The basic structure of the SOM network [53]. 






Figure 2. The basic structure of the SOM network [53].



[image: Sustainability 15 15110 g002]







[image: Sustainability 15 15110 g003] 





Figure 3. Environmental factor analysis of town distribution. 
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Figure 4. Result of self-organizing map (SOM). (a), SOM visualization of gravel characteristic parameters, where different colors represent different neighborhood distances; (b), changing trend of SOM center point in the clustering process; (c), node number and SOM clusters. 
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Figure 5. Geographical and environmental differences of towns in different clusters. (a), Spatial distribution of town clustering results; (b–e), environmental Characteristics of Clustering in Different Towns. 
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