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Abstract

:

This paper analyzes the spatiotemporal evolution of a complex landslide risk scenario in a Latin American megacity, underscoring the key challenges it poses for sustainable urban planning in such cities. This research draws upon multiple studies commissioned by the mayor’s office of the megacity of Bogota, Colombia, and utilizes aerial photographs and satellite imagery from diverse sensor types. The methodology used considered six spatiotemporal analysis scenarios: rural/natural, mining, urban, landslide risk, stabilization and environmental park, and informal reoccupation. The findings reveal a complex interplay between the megacity’s peripheral areas, which face constraints for human settlement, and their potential for construction material exploitation. This complex relationship was further compounded by weaknesses in planning and controlling peripheral occupations, coupled with a burgeoning demand for developable land in a landslide risk context (landslide area: 73 ha). The analysis scenarios highlighted the predominant use of a reactive urban planning approach that addressed events, changes, or problems after they had occurred, rather than proactively anticipating and preventing potential risks at the study site. The detected land-use transformations unveiled different historical moments, culminating in a landslide disaster (804 houses destroyed, 3000 families at risk). This catastrophe necessitated a radical and significant intervention, incurring substantial costs for the megacity administration (USD 26.05 million). This landslide was the largest recorded in the megacity and one of the most extensive in urban areas across Latin America.






Keywords:


risk; disaster; urban landslides; urban planning












1. Introduction


The role of urban planning is to contribute to the objectives of equity, efficiency, and environmentally sound outcomes, fostering adequate hazard control and risk management [1,2]. It serves as an action framework for managers to influence the territory and build cities that promote collective well-being [3,4]. However, some urban actions face the challenge of overcoming conditions related to risk scenarios [5,6]. In the case of the megacity of Bogota, Colombia, various approaches have been implemented for urban planning without considering a comprehensive long-term vision. Ramírez [7] noted that in the late 1940s, physical planning, urban design, and the systemic approach embodied in documents such as ‘Le Corbusier’s Pilot Plan’ and ‘Regulatory Plan’ influenced urban planning in the megacity.



Urban physical planning was a process aimed at organizing and managing the development of urban areas in an efficient and sustainable manner [8]. It focused on the layout and distribution of a city’s physical elements, such as buildings, streets, parks, public services, and green areas, with the objective of creating functional, aesthetic, safe urban environments that improved residents’ quality of life [9]. Conversely, urban design was a multidisciplinary process that centered on the organization and physical configuration of urban areas to create functional, aesthetic, and sustainable environments [10,11]. Meanwhile, the systems approach to urban planning applied systems theory to understand and address the complexity of cities and urban environments [12]. It recognized cities as complex, dynamic systems composed of interrelated elements that influenced each other, and sought to understand these interconnections to address urban problems holistically [12].



Additionally, ‘Le Corbusier’s Pilot Plan’ and ‘Regulatory Plan’ considered the theory of human functions, master plans, neighborhood units theory, and urban zoning ordinances [13]. The theory of human functions aimed to design and organize urban environments based on the daily needs and activities of residents [14,15]. Master plans were detailed, strategic documents that established the vision, objectives, policies, and guidelines for the future development of a given urban area, often covering an extended time horizon and significantly influencing a community’s growth and evolution [16]. The neighborhood unit theory proposed organizing urban development into smaller, self-contained units with a mix of land uses and services, allowing residents to meet many of their daily needs within their own neighborhood [17,18]. Lastly, urban zoning ordinances were regulations established by local authorities that defined and regulated land use and development within a specific jurisdiction, with the main objective of controlling land use to promote coherent, equitable, and efficient urban development [19,20].



In the 1950s, the integral paradigm emerged in Bogota as a response to the evident limitations of previous urban planning approaches, amid internal crises within the guilds and sectors responsible for guiding urban planning in a city undergoing accelerated growth [7]. The integrated approach to urban planning was based on a comprehensive framework that addressed the complexity and interconnectedness of the different aspects that make up an urban environment [21,22]. It recognized cities as complex systems with numerous interrelated elements and sought to overcome sectoral or fragmented approaches by addressing urban challenges holistically [22]. Integrated urban planning, which emerged in the U.S.A., was conceived as a way of physically arranging a territory to achieve sustainable development objectives [23].



According to Mukhopadhyay and Faludi [24], current urban planning in the study megacity was based on substantive and procedural approaches. The substantive approach referred to the values and ethical principles of a society [22], while the procedural approach pertained to the specific needs and procedures of urban planning [25]. Ramírez [7] stated that three types of urban planning approaches have predominated in Colombia: technical/methodological/procedural, reactive of a substantive nature, and sociotechnical. Each of these approaches has left a mark on the megacity’s urban planning. The technical, methodological, and procedural approach to urban planning involved the application of specific methods, processes, techniques, and tools to carry out effective planning in a systematic and organized manner [26,27]. The reactive approach, on the other hand, responded to events, changes, or problems that had already occurred, rather than adopting a proactive perspective that anticipated and prevented potential urban challenges [28,29]. Lastly, the socio-technical approach recognized the interrelationship between social and technological aspects in the development and design of urban environments, seeking to integrate these dimensions to address urban challenges comprehensively and effectively [30,31].



Regarding risk scenarios in urban areas, Hungr et al. [32] analyzed the association between landslides and weaknesses in urban planning processes, leading to the proliferation of settlements in unplanned peripheral areas, affecting cities’ normal development. Musset [33] affirmed that urban landslide risk scenarios were generated through historical processes framed in the imaginaries and power exercises of some social groups over others. These ‘imaginaries’ referred to the collective perceptions, symbolic constructions, and mental representations that a society had about the risks and hazards they faced [34,35], influencing how communities interpreted and responded to natural or human-induced hazards. Power exercises in urban planning, on the other hand, referred to the dynamics and processes through which individuals, groups, institutions, or governments influenced decision-making and the configuration of urban development [36,37]. Landslide management policies are crucial in urban planning due to their impact on safety, infrastructure, economy, and sustainability [38]. These policies protect human lives by identifying and mitigating landslide risks, preserve the integrity of urban infrastructure by reducing vulnerability to such events, and help minimize the economic costs associated with repair and recovery [39]. Furthermore, they contribute to the creation of safer, more resilient and sustainable communities in the long term. By adhering to regulations and standards related to natural hazards, landslide management policies promote safe and responsible urban planning practices [40].



Indeed, urban risk scenarios were composed of the encounter of threat factors and vulnerability conditions. Chardon [41] and Cannon and Müller-Mahn [42] pointed out the close relationship between development models, the generation of vulnerabilities, and the emergence of risk zones in urban areas. UNU-WIDER [43] and Milbert and Nathan [44] indicated that in Latin American and Global South countries, there was an overlapping of urban risks, with poor and weaker populations being more exposed to classic or traditional risks (landslides, floods, earthquakes, and epidemics), which in turn generated socioeconomic risks such as violence and insecurity.



This work aims to analyze the spatiotemporal development of a complex landslide risk scenario in a Latin American megacity, highlighting the main challenges that this phenomenon represents for sustainable urban planning in this type of city. In the context of urban planning, this paper is relevant for the following practical considerations: (i) it elucidates the challenges associated with the evolution of Latin American cities and the formation of urban risk areas. (ii) It underscores the necessity for a proactive approach to land use planning to anticipate future issues in urban areas with unique vulnerabilities and territorial characteristics, such as land use constraints, morphological features, environmental limitations, and conservation zones. (iii) It examines the socioeconomic and financial implications that urban territories must confront to mitigate the effects stemming from the presence of such risk scenarios in peripheral areas. The article follows a structured framework. It begins with a comprehensive overview of the materials and methodologies employed, detailing the study site and the rigorous procedures undertaken for data collection and analysis. Subsequently, the findings of the research are delineated, followed by an immediate contextual discussion within the domain of urban planning. Lastly, the pivotal conclusions derived from this study are elucidated.




2. Materials and Methods


2.1. Study Site


The study was conducted in Bogota, Colombia, a high-altitude megacity situated at 2600 m asl in South America, with a population of approximately 9 million, expanding to over 10 million including its metropolitan area covering 5235 km2 [45]. Serving as Colombia’s primary economic, industrial, cultural, and political hub, the urban area spans around 478 km2 with a high population density of 17,700 inhabitants/km2 [46]. Positioned near the equator, Bogota features a tropical mountain climate characterized by significant hourly temperature fluctuations ranging from 9 to 19 °C, with average annual climate parameters of 800 mm rainfall, 14 °C temperature, 9.6 km/h wind speed, and 80% relative humidity [47].



The study site (4°34′56.8″ N, 74°10′37.1″ W), ‘Altos de la Estancia’ (AE), was situated southwest of Bogota in ‘Ciudad Bolívar’ (CB). It was distinguished by rocky terrain unsuitable for intensive agriculture, influencing its historical occupation and peripheral status in the 19th century. During the Republic era (1819–1831), city structuring decisions favored the northern zone with better-endowed public services, leaving southern settlements, including AE, underdeveloped. AE served as a site for construction material extraction, supplying gravel, clay, and sand for urbanization. However, informal occupation in hazard-prone areas, vulnerable to landslides exacerbated by previous mining, ensued [48]. Morphodynamically, AE’s unstable zone encompassed two distinct landslide sectors: ‘El Espino’ to the north and ‘La Carbonera’ to the south, covering an approximate area of 110 ha (Figure 1) [49].




2.2. Data Collection


This research compiled data from various studies conducted by different companies and entities contracted by the mayor’s office of the megacity between 1997 and 2015. The megacity administration, through its Risk Management Office, conducted multiple geological and geotechnical studies (https://www.idiger.gov.co/, accessed on 1 February 2021) [50]. The studies considered for this research include those conducted by ‘Ingeocin Ltda.’ [51], ‘Investigaciones Geotécnicas’ [52], ‘Consorcio Civiles Ltda. and Hidroconsulta Ltda.’ [53], ‘Geotecnia and Cimentaciones Ltda.’ [54], ‘Ingeominas’ [55], ‘Ingeniería and Georriesgos’ [56], and ‘FOPAE’ [57]. Estancia [58] provided a geomorphological evolution model and characteristics of the landslide under study, which also contributed to this research. These studies provided valuable insights into planning approaches and landslide evolution during the study period.



The study was temporally delimited between 1952 and 2015, with consideration given to information from the nineteenth and twentieth centuries regarding urban planning approaches in the megacity [50]. Spatial data, including land use, land cover, and morphology, were collected for analyzing changes in the landslide’s physical conditions. Aerial photographs (1.0 m resolution) from the ‘Instituto Geográfico Agustín Codazzi’ (IGAC, https://www.igac.gov.co/, accessed on 15 March 2022) [59] and satellite images from sensors like Landsat (30 m resolution), Ikonos (4 m resolution), and Quickbird (2.44 m resolution, https://earthexplorer.usgs.gov/, accessed on 1 April 2022) [60] were utilized. These images captured terrain details and vegetation changes associated with the landslide, while QuickBird and Ikonos images facilitated detailed mapping and monitoring. Landsat images were used for global coverage and long-term monitoring. Moreover, topographic and climatic data complemented the analysis. The study area was spatially delimited based on the established period (1952–2015), focusing on significant landslide events and associated land use and land cover changes.




2.3. Data Analysis


The information analysis methodology used in this study to assess the spatiotemporal evolution of a landslide risk scenario within the framework of urban planning involved a multidisciplinary approach. Firstly, a comprehensive analysis of land use changes was conducted using remote sensing techniques and Geographic Information Systems [61] to evaluate alterations in land cover over the study period (1952–2015). Secondly, an exhaustive documentary review and historical analysis were carried out to contextualize observed land use changes and identify potential factors contributing to the evolution of the landslide risk scenario [62]. This entailed examining archival records, urban planning documents, historical maps, and relevant literature to uncover socioeconomic, environmental, and political factors within the scope of this research. By integrating these two methodological approaches, a comprehensive understanding of the spatiotemporal dynamics of the landslide risk scenario and its implications within the framework of urban planning in the megacity was achieved.



Quantitative methods were used to analyze changes in land use, land cover, and geomorphology in the landslide zone studied [63]. Multitemporal mapping of land use, land cover, and geomorphology was based on 2D and 3D (stereoscopic) interpretations of remote sensing records at a scale of 1:500 [64]. Initially, the aerial photographs were georeferenced by associating each pixel with a specific location on the ground (control points). We also corrected the geometric distortions inherent to the aerial photographs (tilt and perspective) to align the image with a reference coordinate system (MAGNA-SIRGAS, GRS80) [65]. Next, we performed image quality enhancements (contrast, brightness, and saturation) and corrected visual artifacts that could affect the interpretation [65]. We also identified relevant features associated with the landslide zone (land use, land cover, and geomorphology). We then digitized and mapped the landslide area using GIS tools (ArcGIS V.10.3. Software) and created thematic layers according to the variables considered in this study [66]. On the other hand, digital processing of satellite images included import, geometric corrections (orthorectification), atmospheric corrections, radiometric corrections, spatial enhancement, spectral enhancement, generation of 3D views, and anaglyphs from reference surveys [67]. Vector interpretations of the images were performed with statistical analysis using ArcGIS V.10.3. Software [64].



The information analyzed made it possible to establish land use, land cover, and geomorphology between 1952 and 2015. Initially, the areas were quantified based on the land use, land cover, and morphological categories considered in this study, which will be specified below. A spatial analysis was performed to identify patterns and relationships between the variables considered [68]. Then, a spatiotemporal analysis was performed to identify the evolution of the landslide under study [69]. That is, the rates of change of the variables considered and the areas that underwent significant transformations were evaluated. The results of the analysis were then compared with field data and reference information (selected studies) to validate the accuracy of the interpretations and maps generated [70]. Thematic maps were created to communicate the results of the analysis performed in this study. Lastly, documents related to the occupation history of the AE zone were reviewed, taking as a frame of reference the urban planning processes of the megacity of Bogota [7,48,71,72,73].



Based on the analysis of all documentary and cartographic information, this study proceeded to establish the following five spatiotemporal analysis scenarios, between 1952 and 2015: rural/natural, mining, urban, landslide risk, and stabilization and environmental park. In addition, a sixth scenario related to the occurrence of the COVID-19 pandemic was established: informal reoccupation. For each of the six scenarios, the following variables (categories) related to changes in land use, land cover, and morphology were analyzed [74]: erosion, shrub vegetation, rocky outcrops, grasslands, mining-quarries, landslides, reptation (slow and gradual movement of land on steep slopes), urban, anthropic landfill, urban pastures, anthropic works, and urban parks. Finally, to evaluate the effectiveness of the intervention measures [75] taken by the megacity administration to mitigate landslide risk at the study site, an exhaustive analysis of the spatiotemporal evolution in each of the scenarios considered was carried out.





3. Results and Discussion


The spatiotemporal analysis revealed that transformations in land use, land cover, and morphology occurred in the AE zone, potentially influenced by agricultural, mining, and urban dynamics (Table 1). This analysis also enabled the detection of land degradation due to landslides. Variations in land use, land cover, and morphology were observed across the six analysis scenarios considered in this study (between 1952 and 2015), which will be independently analyzed in subsequent sections. The results suggested that the landslide (5.53 ha) and mining activity (13.8 ha) commenced in 1977 (Figure 2). This mining activity was accompanied by a significant loss of shrub vegetation (8.7 ha) and pasture (13.4 ha) in relation to the situation observed in 1952. In 1984, the area affected by mining activity increased (52.2%) compared to 1977 and continued to rise until 1993 (58.5%), when urban land use emerged for the first time (36.7 ha). In 1997, urban land use peaked (86.1 ha). Within four years, urban land use in the landslide zone grew by 134%. In 2004, the landslide area increased significantly (36.8 ha) compared to 1977 (5.53 ha), effectively generating a decrease in urban land use (17.8 ha compared to 1997). Lastly, in 2015, the landslide was fully controlled.



3.1. Rural/Natural Scenario


The findings revealed that the urban development of Bogota commenced towards the late 19th and early 20th centuries. In the CB locality, where the AE zone was situated (southeast of the megacity), initial stages of agricultural parcelization and exploitation of construction materials were evident [76,77]. The analysis, based on the territory’s composition and morphology, indicated an occupation pattern characterized by a delay in public service provision (water and sewage) and limited road infrastructure improvement compared to other parts of the megacity. Pantoja [78] highlighted the non-uniform nature of the occupation process in the study area. Specifically, development began haphazardly in the lower landslide-prone zones, while higher elevations were utilized for agriculture and urban pastures. This disparity helped to explain the rural landscape detected in 1952 (Figure 3a).



The results showed that at the outset of the 20th century, Bogota faced notable deficiencies in public service provision, particularly in peripheral areas, concerning water and sewage. Moreover, it was evident that the city’s land-use planning strategy predominantly favored central areas occupied by affluent social groups [48,73]. During this period, Agreements 10 of 1902 [79] and 6 of 1914 [80] were promulgated, aiming to establish guidelines for incorporating new land into the urbanization process, drawing from the urban planning traditions of Spanish colonizers and Creoles—descendants of Europeans born in Spanish territories in America [71]. Urbanism and urban planning have long been fundamental aspects of Latin American city development, tracing back to the Spanish conquest era [48]. Notably, French urbanism exerted a significant influence during the 19th century. In the case of Bogota, findings indicated the introduction of the ‘Future City Plan’ in the first two decades of the 20th century, formalized by Agreement 74 of 1925 [81]. This plan embraced the Damero design (chessboard or grid) inherited from Spanish colonization, extending towards the southwest and northwest zones of the megacity. Subsequently, in the ensuing two decades (1930–1940), Karl Brunner proposed a ‘Road Plan’ for urban planning in the central zone of the megacity [82]. Nevertheless, criticisms were raised regarding this urban planning approach. Cortés [71] and Montoya-Garay [48] contended that it fostered fragmented urbanism, lacking a comprehensive vision for the city’s development. Essentially, it catered to the needs of high-income sectors inclined towards abandoning the city center in favor of more commercially viable land use.



Additionally, the findings indicated that urban planning underwent a significant upheaval on 9 April 1949, following the devastation of the city center by fire and looting triggered by the death of a community leader [83]. This calamitous event catalyzed a reconstruction effort that partially aligned with the urban planning framework outlined in the ‘Le Corbusier Pilot Plan’ (1947–1953), envisioned for a city projected to accommodate 1,500,000 inhabitants over a span of 50 years. However, this ambitious urban plan faced hindrances in its full execution due to factors tied to Colombia’s political landscape and specific interests concerning urban land use [84]. Despite these setbacks, the plan encompassed pivotal elements crucial for the city’s future development, including a vision for regional planning, containment of urban sprawl westward, management of expansion towards the south and north, and the utilization of housing in the eastern mountainous region [71]. Consequently, the results suggested that while this urban plan may have effectively addressed functional zones within the city’s core, it overlooked burgeoning areas beyond its confines—such as the zone under scrutiny in the landslide study.



The results revealed that amidst the urban planning debates between the methodologies of Karl Brunner and the ‘Le Corbusier Pilot Plan’ (1952), the AE zone displayed a predominantly rural/natural (non-urbanized) landscape, characterized by grasslands (64.1%) and shrub vegetation (26.2%). This shrub vegetation predominantly surrounded the streams within the landslide-prone area (Santa Rita and Rosales streams), often concentrated in regions of steep incline (Figure 3a). Moreover, evidence of erosive water processes, such as gullies and laminar erosion, was identified, covering a total area of 4.47 ha (4.03%). The results indicated that initially, the lands within the landslide zone were utilized for grazing, yet their attributes hinted at the potential for mining exploitation, which could have contributed to the city’s physical expansion. Concurrently, the city witnessed rapid growth during this period. Furthermore, settlements in the form of small farms were noted in the lower and middle sections of the landslide-prone area (western zone, Figure 3b). Occupants primarily consisted of peasants migrating from regions affected by Colombian violence, characterized by political conflicts [76]. This context likely initiated a process of occupation within the landslide zone, diverging from established urban planning guidelines.




3.2. Mining Scenario


The findings indicated that the effectiveness of the ‘Le Corbusier Pilot Plan’ persisted nominally until the enactment of Agreement 51 in 1963 [85]. However, its implementation and principles were likely influenced by factors such as population expansion and the era of dictatorship in Colombia, which prioritized the execution of large-scale urban infrastructure projects over mitigating their socio-environmental repercussions. Consequently, there was a notable transition from the theoretical framework of this urban plan to its tangible manifestation in the physical development of the city [72]. In 1961, a new urban initiative, the ‘Pilot Road Plan,’ was introduced, aiming to reinforce the grid layout and establish concentric peripheral rings to foster a more compact urban environment. Nevertheless, this revised plan overlooked the potential ramifications of urban expansion, ultimately jeopardizing its own sustainability. As highlighted by Cortés [71], while municipal authorities endeavored to address interior deficiencies such as undeveloped lots, unauthorized urbanization proliferated along the city’s periphery via regional arterial roads. During this era, legislative measures including Agreement 65 of 1967 [86] and Decrees 1119 of 1968 [87] and 159 of 1974 [88] were implemented to regulate construction standards and procedures. However, these legal frameworks may have inadvertently fostered a fragmented approach to urban planning, diverging from the integrative vision advocated by the ‘Pilot Road Plan.’ Consequently, the city likely encountered unregulated growth in its peripheral regions, deviating from the established norms and regulations [89].



The investigation unveiled that the promulgation of Agreement 7 in 1979 [90] aimed to formalize the expansion of urbanization towards the western and southern fringes of the city, precisely where the focal landslide area was situated. This agreement facilitated the integration of neighborhoods into the extended urban periphery, delineating provisions for public services and land utilization, alongside establishing urban development categories [91]. Notably, the findings underscored construction as a pivotal driver of economic advancement in Colombia, particularly for urban centers like Bogota. Consequently, the study locale emerged as a crucial supplier of mining materials essential for the construction of various infrastructural and residential projects within the megacity. The landscape during this period was characterized by the exploitative extraction of construction materials from quarries. Moreover, the investigation unveiled that the progression of mining activities was marked by financial constraints, widespread poverty, and a dearth of technological sophistication [92]. These socioeconomic realities merited consideration concerning the operation of such industries in peripheral regions.



Additionally, the presence of economically disadvantaged settlements within the landslide zone facilitated access to low-cost labor. It was observed that during this scenario, six mining sites were operational within the megacity, with the CB region (comprising the landslide area) occupying a prominent position. The inception of mining activities predates the onset of urbanization, serving as a crucial supplier of construction materials to meet the burgeoning demands of an influx of migrants from diverse regions of the country, particularly gravitating towards the southern precincts of the city, including the subject landslide area. However, the consolidation of mining operations in the late 1950s was accompanied by extensive environmental degradation [93]. The findings indicated noteworthy fluctuations in mining and urban land utilization between 1977 and 1993 (Figure 4). Notably, mining land usage expanded significantly by 9.8 ha (representing a 71.0% increase) during this period. Conversely, the landslide area remained relatively stable in relation to the rural/natural scenario, spanning approximately 5.0 hectares. The urban land utilization experienced a substantial surge, encompassing an additional 36.7 hectares during this timeframe. This urban expansion was absent in the preceding rural/natural scenario observed between 1952 and 1961.




3.3. Urban Scenario


The results indicated that economic planning took precedence over urban planning in the city. The country had an urgent need to solidify its economic growth, with construction emerging as a crucial sector to achieve this objective. Urban planning regulations were primarily geared towards facilitating this economic agenda [94,95]. Furthermore, the findings revealed the emergence of concepts such as self-regulated density, determined by market forces and the decisions of owners and developers. However, these density considerations did not contribute to the spatial segregation process within the city. This was mainly because the planning guidelines were predominantly designed for the formal city, resulting in significant challenges in their application in the southern region of the city. In this area, factors such as economic activity, valuation processes, and road hierarchies did not operate in the same manner as in the northern part of the city [71]. It is worth noting that during the 1970s, the Inter-American Development Bank (IDB) extended a loan to the city known as the ‘Integral Urban Development Program for the Eastern Zone of Bogota’ (PIDUZOB). This initiative aimed to support the execution of projects in deficit zones, including the landslide area under study. During this urban scenario, the landslide area was already recognized as a source of social and urban disarray [96].



Additionally, the findings revealed that in the 1980s, Decrees 1025 of 1987 [97] and 67 of 1988 [98] were issued, leading to the deregulation of the construction process within the city. Consequently, urban planning regulations ceased to function as instruments for land control and revaluation [99]. Concurrently, with the new loan from the IDB, a subsequent phase of the PIDUZOB was initiated, targeting the problematic areas of the city, including the area of the study landslide. This phase involved various infrastructure projects, such as road construction, provision of public services, establishment of social amenities, and the implementation of a housing program known as ‘Lots with Services,’ endorsed by the World Bank [100]. Moreover, the results indicated that Bogota Council enacted Agreement 11 of 1983 [101], delineating the Plan for CB (the landslide under study), aimed at earmarking the CB area for urban expansion, particularly for lower-income residents, given the lower agricultural suitability of the locality [76]. Furthermore, official studies conducted by entities such as the ‘Secretariat of Social Integration of Bogota’ [102] identified three key issues associated with urban planning in the landslide area under investigation. Firstly, there was a significant influx of population displaced by political violence from various parts of the country, with these communities seeking refuge in the landslide zone. Secondly, the government’s ‘Lots with Services’ program indirectly encouraged the occupation of the landslide zone by promoting self-built housing. Lastly, the accessibility of land for housing became entangled with clientelism, wherein individuals sought land through local politicians or social organizations, resulting in the illegal occupation of land and construction practices that did not meet the basic requirements for suitable urban settlement.



The findings indicated that the study area had previously served to accommodate low-cost housing, as well as populations migrating from various regions of the country and those displaced by violence. Essentially, by informally allocating this urban land, other areas of the city were relieved from these urban pressures. It was observed that between 1996 and 1997, there was a notable 61.8% increase in the utilization of urban land in the landslide-affected area (Figure 5). Moreover, an irregular urban landscape was evident in the study site during this period, characterized by a lack of clearly defined roadways and public service networks.



In addition, the results indicated that during the urban scenario, there was an increase in the commercialization of land targeting individuals with low incomes. Lots were sold at very low prices, albeit without access to public services [76]. As previously noted, this period saw the emergence of the ‘Lots with Services’ program, which was funded by a USD 115 million loan from the IDB, supplemented by an additional USD 120 million contribution from the mayor’s office of the megacity. Once the study area had been occupied with rudimentary urban planning, the local administration began installing a basic network of public services, paving main streets, and initiating neighborhood legalization processes. Consequently, the landslide zone became an attractive option for new residents, as acquiring housing or developable land in other parts of the city was economically unfeasible [103]. Lastly, as an immediate consequence of this unplanned urbanization, natural watercourses were effectively buried under human-made landfills, leading to the emergence of a landslide zone on the northeast side (‘El Espino’, area = 6.68 ha) due to instability in 1997 (Figure 5b).




3.4. Landslide Risk Scenario


The results indicated that by the late 1990s, as the occupation of the study site (AE) reached a relative consolidation, a process of deurbanization (movement from urban to rural areas) linked with an increase in landslide occurrences gradually emerged. It was noted that state agencies adhered to the agreements outlined in the ‘Habitat I and II Conferences’ [104]. Essentially, urban planning efforts were directed towards addressing issues related to resettling the population affected by landslides. Activities included relocating households at risk of landslides, granting property titles, and undertaking engineering works (anthropic interventions) to improve the AE zone. This process continued until 2013 (Figure 6). Furthermore, the results revealed a pattern of houses being destroyed by landslides as state agencies proceeded with relocating inhabitants.



The findings highlighted that in 1997, the landslide area covered 6.68 ha, expanding to 36.8 ha (551%) by 2004. By 2013, the landslide area further increased to 56.1 ha, indicating a pronounced upward trend during the study period (840%). Moreover, community-initiated actions were observed starting from 2006. Specifically, the community pursued legal action against the ‘Fund for the Prevention and Attention to Emergencies of Colombia’ (FOPAE) and the ‘Bogota Aqueduct and Sewage Company.’ Through this avenue of citizen participation, demands were made for the advancement of mitigation works and the provision of aqueduct and sewerage networks, within the framework of the ‘Recovery Plan of the AE Zone’ [56].



Therefore, the results suggested that the absence of urban planning in the AE zone necessitated significant investments by the local government in the medium to long term to address the risk situations that arose. Moreover, socio-environmental costs were likely incurred due to the urban degradation process triggered by the studied landslide (Figure 6).



The results showed that institutional management of the imminent landslide risk commenced in the late 1990s. The FOPAE identified the landslide, necessitating the relocation of affected families [76]. Engineering works were also undertaken (Figure 6), primarily in ‘La Carbonera’ (Figure 1). Despite these interventions, the landslide continued to exhibit activity, leading to the generation of the two strongest landslides observed at the study site in April 2000 and May 2002 [57]. The first slide had an elevation of 15 m, while the second slide formed a crack 30 m deep. During the latter event, 804 houses were damaged [105]. The findings suggested that this landslide was the largest recorded in the city of Bogota and the largest in urban areas in Latin America, covering 73 ha and affecting 16 neighborhoods in the AE zone [106]. The initial intervention in the AE zone by the megacity administration focused on the resettlement of 3033 families and the geomorphological recovery of the landslide area deemed to be at significant risk. According to data presented at the ‘Ibero-American and Caribbean Forum of Best Practices’ [103], by 2005, 50% of the affected families had been resettled. It was also reported that by 2014, over 5000 families had been relocated from the area affected by the landslide [76].




3.5. Stabilization and Environmental Park Scenario


The results indicated that once the houses affected by landslides (high threat) were evacuated and removed, landslide stabilization works commenced in 2013, involving the construction of retaining walls, drainage channels, terraces, and reforestation efforts. This led to the creation of an intervention landscape with engineering works (anthropic works, Figure 7). Moreover, the findings highlighted that upon the completion of landslide stabilization works, the mayor’s office of Bogota proposed a ‘Strategic Urban Intervention Plan’ for the AE zone through the enactment of Decree 489 of 2012 [107]. This decree prioritized the recovery process through inter-institutional actions in the risk zone.



Subsequently, Decree 364 of 2013 established the ‘Altos de la Estancia District Park’ (Figure 7) [57]. In December 2012, the megacity administration completed the mitigation works in the EA zone, with an investment of USD 6.75 million. Water management systems were implemented, and live fences were planted [106]. In 2013, a project called the ‘Urban Improvement Plan’ was proposed for the AE zone, comprising intervention lines in land clearance, family resettlement, and housing improvement, with an estimated value of USD 19.3 million [108].



The results suggested that for multilateral cooperation agencies, the AE zone phenomenon served as an example of urban development of illegal origin, characterized by a significant urban planning deficit and a population living in precarious economic conditions. Indeed, its evolution resulted in a high level of environmental deterioration. This landslide affected 13 neighborhoods and endangered the lives of 3000 families (15,000 people) in the megacity [103].




3.6. Informal Reoccupation Scenario


The findings revealed that, associated with the situation of isolation due to COVID-19 in Colombia, an illegal reoccupation by 300 families was observed in the EA zone since March 2020 [109]. This posed a significant problem in the sector, as it involved the occupation of the established environmental park and the construction of housing without adequate conditions, using materials such as cardboard, tiles, and construction waste. Subsequently, the authorities of the megacity initiated risk socialization processes and evicted these temporary dwellings. This situation underscored the complex nature of urban occupation in the AE zone, despite its designation as a risk and environmental recovery zone.



Comparison with other related studies [110] indicated that 89% of landslide-related deaths occurred in countries belonging to the Pacific region, typically comprising developing nations. Among Latin American countries, Brazil was the most affected by landslide deaths, averaging 88 deaths per year. Notably, the Campos do Jordão landslide [111] in Brazil highlighted issues related to environmental quality, urban segregation, and risk conditions similar to those observed in the AE zone. Similarly, the AE area exhibited common characteristics with the situation in the Campania region of Italy [112], where landslides resulted from long-term processes posing risks to urban areas.



Finally, the results suggested that the urban consequences were evident when landslide risk, the lack of adequate control from urban planning guidelines, and the significant population concentration in megacities in developing countries converged.




3.7. Effectiveness of Intervention Measures


To assess the effectiveness of the intervention measures taken by the administration of the megacity to mitigate the risk of landslides at the study site, it was necessary to conduct a comprehensive analysis of the spatiotemporal evolution in each of the considered scenarios.



The results hinted at a transformation in land use, vegetation cover, and morphology, influenced by agricultural, mining, and urban dynamics. Initially characterized by rural and natural landscapes, the area gradually experienced mining activities, followed by rapid urbanization. Despite urban planning efforts, such as ‘Le Corbusier’s Pilot Plan’ and subsequent regulatory agreements aimed at controlling urban growth, the area witnessed disorderly urbanization, informal settlements, and inadequate provision of public services. Consequently, landslide risks significantly increased over time, leading to destructive events and displacement of affected families. Subsequent intervention measures focused on stabilization and environmental restoration, including the creation of parks and infrastructure improvements.



However, challenges persist, as evidenced by informal reoccupation observed during the COVID-19 pandemic, highlighting the complex and ongoing nature of urban development and risk management in the study megacity. Therefore, while progress has been made in mitigating landslide risks, the effectiveness of intervention measures remains limited by issues such as inadequate urban planning, socioeconomic disparities, and environmental degradation.





4. Conclusions


The findings demonstrate that the urban planning approach inherited from the Spanish colonial system erroneously privileges the central zones and does not designate an adequate role for the peripheral zones of the megacity. This contributes to the generation of illegal occupation processes of the territory, intensified by processes of landslides and massive displacement due to episodes of violence (armed conflict). The results also suggest that the existence of this type of landslide risk scenario has environmental implications due to the deterioration of natural resources and an enormous socioeconomic burden for the community involved, which must endure a decrease in its quality of life, competitiveness, and sustainability. In this study, the following analysis scenarios are established according to the observed chronology in the urban landslide: rural and natural (initial status), mining (economic exploitation), urban (unplanned occupancy), landslide risk (threat/disaster), stabilization and environmental park (mitigation/investment), and informal reoccupation (illegal occupation). These analysis scenarios evidence the dominant use of a reactive urban planning approach that responds to events, changes, or problems that have already occurred, rather than adopting a planning approach that anticipates and prevents potential risks at the study site.



Additionally, the results show the complex relationship between the peripheral zones of a Latin American megacity with limitations for the location of low-income human settlements and the potential of these zones for the exploitation of construction materials (mining). This complex relationship is also intensified by the weakness in the administrative processes of planning and control of these occupations, and the growing demands for access to land for residential use in a context of landslide risk. The land use transformations detected also show different historical moments, which evolve up to a moment of landslide disaster. This disaster then requires a radical and significant intervention, which generates high economic costs for the megacity administration (stabilization and socio-environmental recovery works). Subsequently, the maintenance of residential land use and the creation of special environmental management zones (environmental park) generate a great challenge for the megacity administration. This is possibly because other factors generating the risk situation (e.g., competition for residential land and economic restrictions) continue and generate significant urban pressure, as shown by the new illegal occupation attempts in 2020 with the beginning of the COVID-19 pandemic.



This study can become a reference point for public and private organizations to identify key scenarios and factors during landslide risk processes in urban areas. Indeed, these key scenarios and factors are probably the main ones to be considered to improve urban planning processes in megacities in developing countries. However, this study has the following limitations, which require special attention. First, the six scenarios established focus exclusively on the analysis of factors affecting the urban planning process in the studied landslide area. In other words, this study does not propose possible strategies for the improvement of urban planning in the landslide area. Thus, this limitation becomes a possible line of research for the development of future studies. Second, the use of aerial photographs and satellite images was not continuous over time. That is, this information depended on their availability in the information sources consulted, which possibly prevented the identification of other analysis scenarios during the development of this study. Third, we believe that this type of study requires direct fieldwork with the affected population. Thus, the time scale considered in this study (63 years) was a limiting factor.
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Figure 1. Satellite image of the landslide zone under study: ‘Altos de la Estancia’ (AE). Black line: Geographic boundary, red: Landslide zone (‘El Espino’ and ‘La Carbonera’), and blue: Drainage network. 
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Figure 2. Spatiotemporal variation in the landslide zone under study (1952–2015). Yellow line: geographic boundary. 
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Figure 3. Land cover, land use, and morphology for the rural/natural scenario in the landslide area under study (1952–1961). (a) 1952 and (b) 1961. 
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Figure 4. Change in land use, land cover, and morphology during the mining scenario in the landslide area under study (1977–1993). (a) 1977, (b) 1984, (c) 1987, and (d) 1993. 
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Figure 5. Change in land use, land cover, and morphology during the urban scenario in the landslide area under study (1996–1997). (a) 1996 and (b) 1997. 
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Figure 6. Change in land use, land cover, and morphology during the landslide risk scenario in the area under study (2004–2013). (a) 2004, (b) 2007, (c) 2010, and (d) 2013. 
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Figure 7. Change in land use, land cover, and morphology during the stabilization and environmental park scenario in the area under study (2013–2015). (a) 2015, (b) retaining wall, and (c) environmental park. 






Figure 7. Change in land use, land cover, and morphology during the stabilization and environmental park scenario in the area under study (2013–2015). (a) 2015, (b) retaining wall, and (c) environmental park.



[image: Sustainability 16 03133 g007]







 





Table 1. Variation in land use, land cover, and morphology in the study area (1952–2015).
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Category

	
Area (ha)




	
1952

	
1977

	
1984

	
1987

	
1993

	
1996

	
1997

	
2004

	
2007

	
2010

	
2013

	
2015






	
Erosion

	
4.47

	
5.35

	
5.82

	
5.79

	
4.17

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Shrub vegetation

	
29.1

	
20.4

	
20.0

	
19.9

	
0.10

	
3.63

	
3.63

	
3.63

	
3.63

	
3.63

	
3.63

	
0.32




	
Rocky outcrops

	
6.24

	
3.81

	
4.14

	
4.14

	
1.78

	
0.94

	
1.72

	
2.23

	
2.23

	
2.23

	
2.23

	
0.00




	
Grasslands

	
71.1

	
57.7

	
51.6

	
50.4

	
36.7

	
0.26

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Mining-quarries

	
0.00

	
13.8

	
21.0

	
22.2

	
23.6

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Landslides

	
0.00

	
5.53

	
5.02

	
5.02

	
5.02

	
0.00

	
6.68

	
36.8

	
44.1

	
57.0

	
56.1

	
0.00




	
Reptation

	
0.00

	
3.33

	
3.33

	
3.33

	
3.33

	
0.00

	
0.0