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Abstract

:

The Amazon has a population that is largely urban. However, research is limited regarding representations and analysis of the urban Amazon. This article represents and describes Amazonian urban areas by applying a multicriteria urbanization index. Using the Ecuadorian Amazon as a case study, we constructed this index considering spatial indicators of fractal dimension, number of paved streets, urban luminosity, population density, and Euclidean distances from each urban patch to the closest deforested area, to the closest oil pollution point, and to the closest mining pollution point. The multicriteria urbanization index was classified in five classes (degrees) of urbanization: very low, low, medium, high, and very high levels of urbanization. Most of the urban areas have a low degree of urbanization; notwithstanding, there are areas with a medium degree of urbanization encompassing consolidated cities and suburbs, with a high potential for extension in the future. There are also areas of high and very high urbanization related to the oil industry, including cities which have a high impact on the territorial system of the Amazon. This investigation serves as an introduction to multidimensional spatial and quantitative analyses of the urban Amazon. We suggest monitoring the urban advance in the Amazon using the index developed in this investigation, to support better territorial planning in this region of the world having high strategical importance.
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1. Introduction


The Amazon is a territory with high biodiversity, and is the home of diverse indigenous nationalities. However, this reality may mask the Amazonian urban phenomenon. Cities are crucial for driving drastic dynamics and changes in the Amazon. Urban configurations in the Amazon are atypical and even chaotic; nevertheless, Amazonian populations consider cities as opportunities for accessing services and as alternatives to traditional lifestyles [1]. Thus, urban expansion in the Amazon is not only interpreted as the growth of cities, but also as the expansion of urban society to rural landscapes, a transformation that defines the Amazon as the ‘urban forest’ [2]. In this context, the Amazon represents a territory where urban and rural areas intersect, defined by urban–rural mobilities and migrations, economic and market hybrid transformations, and microregional and land-use modifications [3,4,5,6,7]. In this sense, rural areas in the Amazon acquire the same theoretical status as the city [3]. Within this countryside, emerging urban and suburban areas are the ‘building blocks’ of the Amazon urban network/urban forest. Consequently, the urban Amazon can be seen as a polycentric, highly diverse, and multihierarchical phenomenon. This complexity and social–spatial heterogeneity configure new spatial structures to form urban areas in the Amazon [8]; these spatial structures need to be assessed and represented in well-defined spatial units in order to offer more transparency in the interpretation of the Amazonian urban phenomenon. The phenomenon of urbanization in the Amazon was consolidated by the capitalist market economy marked by the expansion of industries dedicated to extracting natural resources (e.g., mining, oil, timber) and by the implementation of extensive agricultural operations [9]. In this context, the urban Amazon is a consequence of planetary urbanization. In planetary urbanization, there is not an ‘outside’ of the urban world; rather, there is a planetary formation of capitalist urbanization based on environmental disturbances, the extraction of resources, and commodification of spaces [10].



The dynamics of natural resource extraction in the Amazon result in changes in land uses and land covers (e.g., deforestation), which led to the creation and development of urban areas [11]. The socio–spatial configurations of Amazonian urban areas show direct links between cities and the countryside [3]. Consequently, the urban Amazon should not only be represented by the consolidated Amazonian cities, but also by ‘proto-urban’ zones that represent the extended urbanization in this area of the world. Urbanization in the Amazon is highly related to the environmental impact on native ecosystems, caused by the mining and oil industries. Therefore, when assessing the expansion of urban areas in the Amazon, it is essential to consider issues such as deforestation and extractive economic activities [11,12].



Analysis of urban areas in the Amazon region can benefit from data extracted from nighttime satellite sensor imagery. This type of information has demonstrated a strong correlation with data derived from census-based urban population statistics and energy consumption [13,14]. It has also been employed for cluster analysis to establish typologies for urban regions within the Amazon [15]. In Latin America, the utilization of nighttime satellite imagery has proven valuable in identifying the influence of local landscapes and socioeconomic dynamics, such as housing prices and migration, on urban growth in the peripheries of cities [16]. The latter dynamic plays a significant role in driving urbanization within the Amazon region [3,4]. Artificial luminosity also shows a correlation with urban population [13,17]. However, nighttime imagery may have limitations when estimating population density [18]. Furthermore, in the case of the Amazon, there are human settlements with certain urban infrastructures that lack access to electricity, as well as urban areas with low population density but substantial luminosity due to the presence of the oil industry’s infrastructure. In the Amazon, population density can be linked to the development of urban centers and the implementation of infrastructure for natural resource extraction. Additionally, a higher density of rural populations and the presence of roads are key factors contributing to deforestation [19], and sometimes high population density can even be associated with lower levels of deforestation, indicating a phenomenon known as ‘discrete urbanization’ in rural Amazonian areas [20]. In summary, population density serves as a valuable indicator for understanding urban processes in the Amazon region, irrespective of indicators related to deforestation and artificial lighting.



One crucial aspect of landscape patterns involves the shape of land use and land cover patches. The analysis of these patch shapes often involves measures of fractality. Pioneering work by Batty and Longley [21] has demonstrated that urban shapes exhibit fractal properties that vary across scales and over time. Fractal growth theory posits that urban areas may exhibit tentacular shapes, resembling tree-like structures [22], implying dynamic processes of urban growth [23]. Typically, metrics used to calculate the fractality of urban areas rely on area and perimeter, and these metrics are scale-dependent [24]. Additionally, the presence of paved roads serves as a significant indicator of urbanization processes and dynamics [25]. Such dynamics encompass the formation of urban heat islands [26], energy consumption patterns [27], reduced vegetation cover [28], and the development of knowledge-based regional activities [29]. In the Amazon, the presence of roads, especially paved ones, serves as a crucial marker of deforestation, as well as urban consolidation and expansion [1,30,31]. The construction and paving of roads not only increase, but also facilitate the movement and mobility of people, a key factor contributing to urban expansion within the Amazon.



Traditionally, the Amazonian territory has been depicted using spatial visualizations that emphasize natural protected areas, forested and deforested regions, indigenous territories, and zones dedicated to oil and mining activities. These visualizations often obscure the presence of urban areas within the Amazon. It is essential to accurately represent and assess urbanization in the Amazon region to support sustainable planning for this vast territory. However, the urban Amazon has received limited attention in terms of representation and research. Furthermore, there is a significant scarcity of spatial and quantitative analyses related to this representation. The primary objective of this research is to quantify and characterize urbanization in the Amazon by developing a multicriteria urbanization index. This index will be constructed using several indicators that capture various aspects of the urbanization process within the Amazon.




2. Materials and Methods


The focus of this investigation is the Ecuadorian Amazon, covering an expansive territory of 120,000 square kilometers and inhabited by an estimated population of nearly 1 million people. Despite the relatively low population density in the Ecuadorian Amazon, which stands at around 8 individuals per square kilometer, the majority of its residents reside in urban areas. It is worth noting that, despite Ecuador’s portion being relatively small compared to the entire Amazon region, the size of the Ecuadorian Amazon is larger than that of entire countries, such as Iceland or Hungary. Figure 1 provides a visual representation of the Ecuadorian Amazon.



We utilized Google Earth Engine to extract urban land cover information obtained from MapBiomas (https://amazonia.mapbiomas.org/; accessed on 1 February 2023). The unit of analysis in this research comprises the urban land cover patches extracted from MapBiomas. MapBiomas generates this information by applying a random forest approach to process satellite imagery, encompassing not only Amazonian cities, but also urban patches of various sizes. For characterizing urban areas in the Amazon, we employed the following urban indicators: fractal dimension, the number of paved streets, urban luminosity, and Euclidean distance from each urban patch to the nearest deforested area, the closest oil pollution point, and the nearest mining pollution point. Fractal dimension represents the diversity and complexity of urban land use patches in the Amazon. Paved streets signify the advancement of the urbanization process in urban zones. It is important to note that Amazonian urban zones may include different types of streets, such as gravel paths, alongside paved streets. Urban luminosity captures the high variance in urban lighting within the Amazon, ranging from lights in small human settlements to those in cities with oil-related infrastructures. The Euclidean distances offer insights into the urban dynamics and impacts within the Amazon, a territory characterized by urban development closely tied to economies reliant on natural resource extraction. This comprehensive set of indicators has been demonstrated to effectively represent Amazonian urban regions [15]. Additionally, we incorporated an indicator of population density based on high-resolution population density data provided by Meta (https://dataforgood.facebook.com/dfg/tools/high-resolution-population-density-maps; accessed on 1 February 2023).



We calculated the fractal dimension for each of the urban patches, which served as the units of analysis, using the patch’s perimeter and area [15,32]. The assessment of urban luminosity was conducted using imagery provided by the National Oceanic and Atmospheric Administration (NOAA). For this purpose, we utilized the Google Earth Engine collection of VIIRS Nighttime Day/Night Band Composites Version 1, composed of the monthly average radiance data from the day–night band of the VIIRS radiometer series [33]. The radiance data were initially converted to W/m2, after which they were transformed into W/sr by multiplying the radiance value by the area of each pixel. These transformed values were then aggregated to correspond with each urban patch [34]. Table 1 summarizes the indicators used in composing the multicriteria urbanization index.



The multicriteria urbanization index is computed through a weighted linear combination of the seven urban indicators explained previously. To identify potential multicollinearities among the indicators, variance inflation factors (VIFs) were calculated. The resulting VIF values indicated that all the indicators can be safely used in constructing the index. To normalize the indicators, we applied a min–max normalization method. To determine the weights assigned to each indicator, we employed the multicriteria analytical hierarchy process (AHP) [35]. AHP utilizes a 1 to 9 scale, known as the Saaty scale, for comparing indicators. In this scale, a value of 1 signifies that one indicator is equally important as another, while a value of 9 indicates that one indicator is extremely more important than the other. A critical aspect of AHP involves constructing a pairwise comparison matrix, which is populated with values corresponding to the Saaty scale, reflecting expert knowledge. A notable advantage of AHP is its ability to mathematically validate the consistency of various expert judgments. In this study, we consulted with 10 experts who specialize in Amazonian urban processes. These experts possess expertise in urban studies of the Amazon, urban analyses, urban planning, urban geography, and spatial analyses. The pairwise comparison matrix was normalized, and from this, the eigenvalue vector was calculated, representing the weights for each indicator. The resulting pairwise comparison matrix, along with the calculated indicator weights, is presented in Table 2.



To assess the consistency of expert judgments, we calculated the consistency ratio [36]:


  C R =   C I   R I    











  C I   is calculated using the following equation:


  C I =    λ  m a x   − n   n − 1    








where  n  represents the number of indicators and    λ  m a x     is the is the average of all the components of the vector obtained from the eigenvector and the pairwise comparison matrix.



The random index,   R I  , is defined by the number of indicators [37]. For seven indicators,   R I   equals to 1.32.



As mentioned previously, the multicriteria urbanization index is determined by a weighted linear combination of seven normalized urban indicators. Higher index values indicate a higher degree of urbanization. In the case of distance-based indicators in our study area, a greater proximity to environmental impacts corresponds to higher urbanization levels. Therefore, for the linear combination used to calculate the index, we consider the inverse of the distance-based indicators. To enhance the interpretability of the index, the final values are subjected to min–max normalization. Values closer to 0 represent lower urbanization levels, while values closer to 1 signify higher urbanization levels.




3. Results


We identified a total of 8049 urban areas (referred to as urban patches or units) in the Ecuadorian Amazon. In broad terms, the Ecuadorian Amazon exhibits a relatively low level of urbanization, with an average multicriteria urbanization index of 0.29 ± 0.03. However, upon closer examination, certain urban areas display notably high levels of urbanization, as we will explore shortly. Figure 2 illustrates the urban patches along with their respective multicriteria urbanization index values. The majority of urban patches in the Ecuadorian Amazon demonstrate lower levels of urbanization, with index values ranging from 0.21 to 0.40. Particularly in the northern Ecuadorian Amazon, these patches tend to cluster around areas with the highest levels of urbanization. Moreover, a number of these patches follow linear patterns, often coinciding with major roadways.



Table 3 presents a classification of various values of the multicriteria index, categorized using equal intervals. Each class represents a specific degree of urbanization. Most urban patches fall into the low degree of urbanization category, encompassing three urban typologies: suburban areas of consolidated cities, small towns, and small urban zones randomly distributed throughout the territory. Additionally, there are six urban patches characterized by a very low degree of urbanization, scattered within the forest and in proximity to areas with a low degree of urbanization. The high and very high degrees of urbanization are primarily attributed to cities situated in the oil-producing region of the Ecuadorian Amazon. This includes Lago Agrio, the most prominent oil-producing city in the Amazon, as well as three cities in the north that are functionally connected to Lago Agrio. The medium degree of urbanization category comprises consolidated cities, some of which serve as provincial capitals in the Amazon, suburbs of the three northern cities, and urban patches with irregular shapes, often following the trajectories of roads.



It is important to mention that patches with the highest fractal dimension values correspond to areas with high and very high levels of urbanization. However, all urban patches within the study area exhibit a fractal dimension below 1.2. Fractal dimensions greater than 1 indicate shape complexity, with higher values signifying greater shape convolution (with a maximum value of 2) [32]. The results obtained reveal the presence of Amazonian urban zones characterized by noncompact shapes (unlike planned cities worldwide, which typically have compact shapes), but instead exhibit irregular yet not extreme shapes. Notably, patches with very low and low levels of urbanization tend to be located closer to areas of deforestation rather than oil and mining pollution points, suggesting that urbanization processes are emerging in response to deforestation activities.



Lago Agrio, the urban patch with the highest degree of urbanization and luminosity, is the most distant urban area from mining pollution points. In contrast, urban patches with low and medium levels of urbanization are situated closer to mining pollution points. Generally, the northern Ecuadorian Amazon has undergone advanced urbanization primarily driven by the oil industry. This includes various degrees of urbanization, resulting in varying degrees of impact on native ecosystems.



Figure 3 provides detailed examples of the multicriteria urbanization index. These examples encompass urban patches with the highest levels of urbanization, such as Lago Agrio city, along with the three northern Amazon cities: Shushufindi, Joya de los Sachas, and Puerto Francisco de Orellana. These cities, such as Lago Agrio, serve as urban centers closely associated with the oil industry. Additionally, these examples showcase various urban typologies, including suburbs of consolidated cities (with low and medium degrees of urbanization), extended linear urbanization (with a medium degree of urbanization), and scattered small urban zones (with a low degree of urbanization).




4. Discussion


This research provides a unique perspective on urbanization in the Amazon region through the utilization of a multicriteria index composed of essential urban indicators and processes. It challenges the traditional, sometimes sentimental, perception of the Amazon solely as the ‘South American tropical forest’ by revealing the existence of well-defined urban areas inhabited by human populations. The urbanization in the Amazon, for the most part, can be characterized as residual urbanization, with varying interpretations among the diverse populations of the region [38]. Nonetheless, the spatial approach employed in this investigation objectively delineates areas that represent distinct degrees of urbanization, including well-established cities and emerging urban zones. We have identified six zones characterized by a very low degree of urbanization, which can be viewed as pivotal components of urban expansion within the Amazon. These zones encompass very small areas that are part of larger urban conurbations or scattered urban regions within the forest. This identified urban expansion reflects spaces influenced by state and capital-led resource extraction. In essence, resource extraction shapes a global urbanization process [39]. We consider the six identified emerging urban zones to be the initial ‘symptoms’ of planetary urbanization in specific forested regions. These are proto-urban forms, representing the initial stages of urban processes associated with the capitalist system in the Amazon [40].



Extractive activities in the Amazon result in distinct urban dynamics. For example, urban areas linked to the oil industry, such as Lago Agrio, the region with the highest level of urbanization in this study, encompass oil-related infrastructure with luminosity levels comparable to those of Ecuador’s largest cities, Quito and Guayaquil [41]. The three cities in the northern Amazon, namely Shushufindi, Joya de los Sachas, and Puerto Francisco de Orellana, characterized by high levels of urbanization, are also closely associated with the oil industry. The ‘urban presence’ of these cities extends into forested areas, primarily due to the luminosity generated by the oil industry. As a result, this expansion impacts rural systems and native rainforest ecosystems. It is essential to interpret urbanization in the Amazon within the context of territorial systems. Urban dynamics lead to diverse adaptations of the territory, extraction activities give rise to new housing projects, and periurban areas become arenas for the contestation of urbanization meanings and adaptations, particularly for Amazonian residents, including indigenous communities [38]. The territorial systems in the northern Ecuadorian Amazon have undergone significant transformation over the past 70 years, primarily due to the presence of the oil industry.



The majority of the areas examined in this study exhibit low levels of urbanization. These areas consist of scattered urban zones within the Amazonian territory, as well as zones surrounding established cities (suburban areas) and roads. We view these areas as a matrix that shapes urban expansion in the Amazon. Many urban areas in the Amazon have their roots in colonization, a spontaneous phenomenon often facilitated by the construction of roads, particularly those built by oil companies [3]. Additionally, there are urban areas that have developed in connection with state-promoted infrastructure [38]. In any case, the transformation of Amazonian land from rural to urban has relied on the growth of small communities along roads, and the emergence of suburbs around local towns [3]. The index generated in this research vividly illustrates these phenomena through the urban patches categorized as having low urbanization.



A significant number of urban areas exhibit a medium level of urbanization, including notable cities such as Puyo, Tena, Macas, and Loreto, some of which serve as provincial capitals in the Amazon. The urbanization of most of these cities can be primarily attributed to the intensification of agricultural activities, driven by their strategic location at the boundary between the Andes and the Amazon, characterized by highly productive volcanic soils [42]. The case of Puyo, the capital city of the Province of Pastaza, is unique. The city’s configuration and development are linked to agricultural activities and, notably, oil-related activities during the latter part of the last century. The medium level of urbanization also encompasses suburban areas of established cities and linear zones formed along roads. While peripheral in nature, these zones serve as the ‘building blocks’ of extended urbanization in the Amazon. We regard the 67 zones with a medium level of urbanization as an essential urban cluster. This cluster plays a crucial role in connecting rural areas, small towns, and medium-sized cities, serving as a precursor to more pronounced urbanization, akin to what has been observed in the northern part of the study area. It can also be seen as a subregional urban network that has the potential to shape new population distributions in the Amazon [43].



This research has some limitations. The first limitation pertains to the unit of analysis, which is the patches of urban land cover. In the Amazon, these units can vary significantly from one year to another, and may be subject to errors in satellite imagery classification. To address these issues, we recommend establishing an Amazonian urbanization observatory to calculate the urbanization index annually. Additionally, future research could explore alternative units of analysis, such as finer-scale urban land cover patches or census-based units. The second limitation relates to the use of spatial indicators in constructing the index, while urbanization can also be represented by social and economic indicators. In future research, we aim to calculate indices that represent urbanization in the Amazon by incorporating census-based indicators alongside spatial indicators. The distance-based indicators utilized in this study link environmental impacts with urbanization. In future studies, these indicators, along with others such as NDVI (normalized difference vegetation index), could be employed to evaluate the ecological conditions of the surrounding areas of urban zones.



To the best of our knowledge, this study represents the first attempt to investigate the urbanization phenomenon in the Amazon using spatial and quantitative approaches, employing a multicriteria index. Our research provides a fresh perspective on the Amazon, transcending the traditional views that predominantly focus on indigenous reserves, protected areas, and oil/mining blocks. This article can also be regarded as a pilot study for the quantitative assessment of Amazonian urbanization through multidimensional indices. Our index clearly delineates the nuances of the urbanization process in the Amazon.



These findings can inform territorial planning in the region, moving beyond the conventional city–countryside dichotomy, and fostering a deeper understanding that the Amazon is not only a territory for extraction, but also a space for urban living. The resulting index can be employed in regional-scale territorial planning, particularly to assist in land use planning, monitor urban expansion, and assess the impacts of proto-urban and suburban areas on both social and ecological aspects.



Our index acknowledges the intricate urban landscape of the Amazon, necessitating the implementation of multiple strategies to ensure a high quality of life for its residents. This includes urban planning schemes that integrate an urban network across the Amazon, models of compact urbanization to prevent extensive and residual urbanization, and concerted efforts to address social, economic, and environmental disparities, particularly in urban peripheries.




5. Conclusions


This investigation has unequivocally demonstrated that the Amazon is, indeed, an urban territory. It showcases a broad spectrum of urbanization levels within specific Amazonian regions. Urbanization in the Amazon takes the form of well-established cities, as well as scattered and fragmented suburban areas and proto-urban zones that mark the city’s frontier, and bridge the gap between rural and urban areas.



In the Ecuadorian Amazon, the northern region is characterized by cities associated with the oil industry, boasting very high and high levels of urbanization. These cities are interconnected by areas with medium and low levels of urbanization. In contrast, the central and southern regions feature urban areas with a medium level of urbanization, including cities, suburban regions, and linear urban patches. However, a significant proportion of urban areas fall into the category of low urbanization, indicating the presence of residual urbanization in the Amazon. Addressing this residual urbanization is crucial to minimize environmental impacts and develop Amazonian territories with a higher quality of urban life.
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Figure 1. Study area: the Amazon of Ecuador. 
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Figure 2. Spatial visualization of the multicriteria urbanization index. 
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Figure 3. Areas of the northern Amazon indicating index values, grades, or urbanization and typologies of urbanization. 
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Table 1. Indicators used to construct the multicriteria urbanization index.
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	Indicators
	Description





	Fractal dimension
	Expressed as a function of the area (a) and the perimeter (p) of a spatial unit and can be formulated as:     2 l n   0.25 p     l n  a      The indicator is dimensionless and has a range between 1 and 2.



	Distance to deforested areas
	Euclidean distance (in meters) from each spatial unit’s centroid to the nearest deforested area.



	Distance to oil pollution points
	Euclidean distance (in meters) from each spatial unit’s centroid to the nearest oil pollution point.



	Distance to mining pollution points
	Euclidean distance (in meters) from each spatial unit’s centroid to the nearest mining pollution point.



	Luminosity
	Radiance intensity as a function of the emitted luminosity magnitude, expressed in W/sr.



	Population density
	Population density derived from satellite imagery classification using convolutional neural networks, in conjunction with census data.



	Paved roads
	The number of paved roads in each spatial unit.










 





Table 2. Pairwise comparison matrix for the AHP.
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	Indicators
	FD
	DF
	DO
	DM
	L
	PD
	PR
	Weights





	FD
	1
	1
	2
	3
	1/2
	1/2
	1
	0.13



	DF
	1
	1
	2
	3
	2
	1/2
	1
	0.16



	DO
	1/2
	1/2
	1
	2
	3
	1/3
	1/2
	0.12



	DM
	1/3
	1/3
	1/2
	1
	1/4
	1/4
	1/3
	0.05



	L
	2
	1/2
	1/3
	4
	1
	1
	2
	0.17



	PD
	2
	2
	3
	4
	1
	1
	2
	0.24



	PR
	1
	1
	2
	3
	1/2
	1/2
	1
	0.13







Note: F: fractal dimension, DF: distance to deforested areas, DO: distance to oil pollution points, DM: distance to mining pollution points, L: luminosity, PD: population density, PR: paved roads.













 





Table 3. Multicriteria urbanization index and its associated descriptions.
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	Grade of

Urbanization
	Average of

Urbanization Index
	Standard

Deviation
	Typologies





	Very low (N = 6)
	0.133
	0.08
	1. Emerging urban zones



	Low (N = 7971)
	0.292
	0.03
	1. Suburbs of consolidated cities

2. Small towns (e.g., Chaco, Mera, Arajuno)

3. Scattered small urban zones



	Medium (N = 67)
	0.429
	0.03
	1. Suburbs of consolidated cities

2. Consolidated cities (e.g., Tena, Loreto, Puyo, Palora, Macas, Sucúa)

3. Extended linear urbanization (along roads)



	High (N = 3)
	0.715
	0.01
	1. The three cities in the northern Amazon: Shushufindi, Joya de los Sachas, Puerto Francisco de Orellana



	Very high (N = 1)
	NA
	NA
	1. The city of Lago Agrio
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