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Abstract: By 2050, 90% of the population in Latin America will live in cities, but there is
a lack of up-to-date spatial information about the urban extent and patterns of urbanization
in cities of this region. In this study, we analyzed population growth, urban density and
urbanization dynamics between 1992 and 2009 in the major cities of Bolivia, Colombia,
Ecuador and Perdiusing Google Earth and DMSP/OLS night-time lights imagery. We used
Google Earth to map the urban extent, and time series of night-time lights to analyze
spatial patterns of urban development. The dominant urban development patterns were:
high-density compact in Bogotg Cali, Guayaquil, and Medell m; high-density expansive
growth in La Paz/El Alto; low-density expansive in Quito and Santa Cruz; and a mix of
high-density compact and suburban growth in Lima. Urban growth occurred largely along
the periphery of cities, influenced by the local landscape and by demographic and
socioeconomic factors such as immigration and housing prices. Urban density in Colombia
(>20,000 per/km?) was among the highest in the world. Future growth in the region will
probably be characterized by densification and slow urban expansion. This study also
validates the utility of Google Earth and night-time lights for monitoring urbanization.

Keywords: DMSP/OLS night-time lights; Google Earth; population change; urban
development; urban density; Bolivia; Colombia; Ecuador; Per(i
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1. Introduction

Cities occupy a relatively small fraction of the Earth's land area, but serve as habitats for more than
half of the human race. In 2011, the global population reached ~7 billion, and more than 3.5 billion
lived in urban areas [1]. The global urban population is expected to reach ~6.3 billion by 2050,
meaning that ~70% of the global population will live in cities by the middle of this century [2]. Over
the last 150 years, urbanization, or the concentration of people in cities, has been the phenomenon that
has most radically transformed society. Britain became the first urban society in the early 1900s, when
only ~5.5% of the global population lived in cities of more than 100,000 inhabitants [3]. Today, more
people live in cities because they are the main providers of employment, housing, education, and
health care, and they are also major centers of culture, innovation, and economic activity [4]. Cities
have undoubtedly become the engine of the global economy, generating between 80% and 95% of the
global GDP [5,6].

Despite these positive aspects of cities, their rapid growth has intensified the demand and
competition for resources (e.g., land, water, energy, agricultural products), often at high environmental
and social costs [7]. Climate change, loss of prime agricultural land, air and water pollution,
overcrowding, crime, traffic congestion, poverty, and social exclusion are often associated with
urbanization [8,9]. For instance, ~75% of the global energy consumption and ~80% of the greenhouse
gas emissions occur in cities [10]. Furthermore, wealth in cities is unequally distributed, and ~30% of
the total urban population (~1 billion) lives in slums or poor informal settlements lacking basic
services [11]. Informal settlements are often the result of rapid and uncontrolled urbanization due to
immigration, the incapacity of public and private institutions to provide low-income housing, and
inappropriate land administration and planning [12,13]. Informal settlements will continue to grow to
accommodate population growth because they constitute an important source of urban housing in low
and middle-income countries [14].

The challenges of urbanization are becoming more complex since recent population growth and
urban expansion has concentrated in low (<US $1,000 GNI per capita) and middle (<US $12,500 GNI
per capita) income countries [4,15]. Between 1995 and 2005, ~160,000 people moved into cities each
day in Africa, Asia and Latin America [9]. Moreover, by 2050, ~95% of urban expansion is expected
to take place in low and middle-income countries [11]. Thus, more attention should be given to the
study of urbanization dynamics in these regions, particularly in Latin America where ~90% of the
population will live in cities by 2050 [16]. Despite being the most urbanized region in the developing
world [2], there is a lack of up-to-date spatial information on the urban extent of cities and patterns of
urbanization in Latin America [17,18]. Developing accurate maps and spatial information of urban
areas will help us better understand how population growth is influencing the patterns of urbanization.
Spatial information is crucial to understand how population dynamics are shaping the structure and
characteristics of cities, including population density, urban land uses, and land consumption.

The main goal of this study was to collect spatial information and describe urbanization dynamics
between 1992 and 2009 in the major cities of Bolivia (Santa Cruz and La Paz/El Alto), Colombia
(Bogota Cali, and Medell m), Ecuador (Guayaquil and Quito) and Perdi(Lima) using remote sensing
and geographic information systems (GIS). Specifically, we used night-time lights imagery derived
from the Defense Meteorological Satellite Programs Operation Linescan System (DMSP-OLS) as a
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spatial indicator of urban development, and Google Earth images as a source of land-cover data. For
each city, we: (1) mapped the extent of the urban area using Google Earth, (2) estimated the urban
population density for 2007/2009, (3) calculated the annual urban population growth rate between
1992 and 2009, and (4) identified the major trends in urban development based on changes in the
intensity and distribution of night-time lights between 1992 and 2009. We also compared the level and
rate of urbanization among cities, discussed possible factors shaping urban development in this region,
and validated the utility of Google Earth and night-time lights for monitoring urbanization dynamics.

2. Study Area
2.1. Andean Region—Bolivia, Colombia, Ecuador, and Pert

In 2009, the total population in the region was ~98 million, and ~74% lived in urban areas [19].
Colombia is the most populated country with ~44.4 million inhabitants, followed by Pera with
~29.1 million, Ecuador with ~14.3 million, and Bolivia with ~10.3 million [19]. Pertis the most
urbanized with ~77% of the population living in cities, followed by Colombia (~75%), Bolivia (~69%),
and Ecuador (~65%). Between 1992 and 2009, ~88% of the total population growth in this region
occurred in urban areas (from 47.4 million to 71.9 million) [20]. In 2010, Colombia had the highest GDP
per capita with $6,225, followed by Per(1($5,400), Ecuador ($4,000) and Bolivia ($1,980) [15]. For the
analyses, we selected the eight largest and most populated cities in the region in 1992 (Figure 1).

2.2. City Profiles
2.2.1. Bogot4 Cali, and Medell n (Colombia)

Bogota the capital of Colombia, is located on a high plateau at ~2,600 m in the Sabana de Bogota
an old sedimentary basin in the center of the country [21]. The city is limited by the Andes to the east
and by the BogotaRiver to the west (Figure 1). Cali (Santiago de Cali) is the capital of the Cauca
Department, one of the most important agricultural regions [22]. The city is located in a vast tract of
alluvial soil at ~1,000 m and is limited to the west by the Andes, and bordered on the east by the RD
Cauca (Figure 1). Medellm is the capital of the Antioquia Department and is the principal
manufacturing and industrial area (e.g., textile production) in Colombia [23]. The city is located within
the Aburra Valley at an altitude of ~1,500 m.

2.2.2. Quito and Guayaquil (Ecuador)

Quito, the capital of Ecuador, is located in the Guayllabamba river basin in the country’s northern
highlands. The city is located at an altitude of ~2,850 m on the eastern slopes of the Guagua Pichincha
volcano [24] (Figure 1). Guayaquil is the capital of the Guayas Province, along the southwestern coast
of Ecuador. The city is located in a delta, bordered to the east by the Guayas River and to the south by
the Estero River, mangrove forests, and shrimp farms [25] (Figure 1). It is the country’s principal port
and main center for business and manufacturing industries.
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Figure 1. Map of the Andean region in South America and location of the eight cities
studied. Includes the city polygons (i.e., urban area), delimited using images from Google
Earth between 2007 and 20009.
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2.2.3. Lima (PerQ

Lima is the capital and largest city of Per(j about ten times larger than Arequipa, the country’s
second city [26]. Lima is located in a coastal desert along the Pacific coast, on the banks of the
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Chill&n, Rmac, and Lur i rivers at an altitude of ~160 m (Figure 1). It is the fifth largest city in Latin
America, and one of the main financial centers [26].

2.2.4. La Paz/El Alto and Santa Cruz de la Sierra (Bolivia)

The conurbation of La Paz/El Alto is the world’s highest city at an altitude of ~3,600 m. La Paz, the
administrative capital of Bolivia (i.e., seat of government), is located in a steep, enclosed basin of the
eastern Bolivian Andes, along La Paz River [27]. El Alto is a satellite city located on flat terrain above
La Paz at an altitude of ~4,150 m on the Altiplano, a high plateau to the west of La Paz [27] (Figure 1).
Santa Cruz de la Sierra is the capital of the department of Santa Cruz, and it is located in the central
lowlands of Bolivia at an altitude of ~416 m. It is bordered by the Pira TRiver to the west, and by
agricultural plains to the north, east, and south (Figure 1). Santa Cruz is a major service hub for the oil
and natural gas industry and the agricultural sector [28].

3. Data and Methods
3.1. Demographic Data

Urban population data at the municipality level was obtained from national censuses of various
years: Bolivia in 1992 and 2010 [29], Colombia in 1993 and 2010 [30], Ecuador in 1990 and
2010 [31], and Peraiin 1993 and 2005 [32]. For each city, we estimated the urban population in 1992
and 2009, and calculated the annual population growth rate during the 17-year study period. We
extrapolated the population data to 1992 and 2009 to match the dates of the night-time light images
used for the analysis of urbanization dynamics using the following equations:

PE(y) = e™ xP1 (1)
r = In[(P2IPL)]/(t2 — t1) )

The extrapolations were calculated using the average annual geometric growth rate (r), the difference
in years between the actual and the predicted year (t), and the population count for the first reference
year (P1). For the annual geometric growth rate (r), In is the natural log, P1 and P2 are the population
counts for the first and second reference years, and t1 and t2 are the first and second reference years.
The annual population growth rate (APGR) was calculated using the following equation:

APGR = 100 < ((PEend/PEgar) ¥ — 1)

where PEgrt IS the population in 1992, PE.ng the population in 2009, and d the time span in years.
3.2. Using Google Earth for Urban Mapping and for Collecting Land Cover Data

Google Earth is increasingly being used as an alternative remote sensing platform for studying and
mapping land use dynamics worldwide [33]. The high resolution imagery (sub-meter to 4-m) from
commercial satellites (e.g., Quickbird, IKONOS) available in Google Earth serve as land cover
validation data [34]. Researchers are using these images for calibrating land cover data derived from
Landsat or MODIS satellite data to improve image classification accuracy [33,35]. For this study, we
used Quickbird high resolution imagery available in Google Earth (v. 6.1.0) to map the urban area of
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Bogota Cali, Medell m, Guayaquil, La Paz/El Alto, Lima, Quito, and Santa Cruz (Figure 1). We used
the most recent Quickbird images that covered the entire urban area to build one polygon per city that
delimited the urban extent (Figure 1).

In this study, the measure of urban land area, or urban extent, refers to the area of continuous urban
development, defined as the inner city plus continuous built-up environs regardless of administrative
boundaries. Therefore, the city polygons included a mix of urban land uses (e.g., residential,
commercial, industrial, and recreational) and different types and intensities of urban development (e.g.,
urban core, suburban, scattered) within the city’s landscape. To ensure a consistent data collection
process we established a set of mapping guidelines to determine the boundary of the urban area. The
city polygons include the main built-up area of the city plus any contiguous urban land use. Any urban
land use, which occurred less than 1 km from the continuous built-up area was also included in the
polygon (Figure 1). The total area of the polygon is reported as the urban area of each city, which was
used to calculate the average urban population density in 2007/2009. Finally, the polygons in kml
format (i.e., Google Earth format) were uploaded into ArcGIS [28] and used as the base maps for the
spatial analyses of night-time lights (NTL). Our measure of urban area is equivalent to the term “urban
agglomeration” used by the United Nations to define and measure urban areas worldwide [19].
Accordingly, we used the UN urban population density estimates [19] to compare our estimates of
urban densities with urban densities in other Latin American cities and major cities around the world.

3.3. DMSP/OLS Night-Time Satellite Data

Night-time lights (NTL) imagery derived from the Defense Meteorological Satellite Programs
Operation Linescan System (DMSP-OLS) is available from the National Oceanic and Atmospheric
Administration (NOAA) (http://www.ngdc.noaa.gov/dmsp/download.html). Each image is a
composition of cloud-free scenes from the DMSP-OLS satellite that orbits the earth at an altitude of
830 km, providing global coverage twice per day [36]. For this study, we used stable night-time lights
time images (1992-2009), which only contain permanent light sources from cities, towns, and other
continuous sources of light (e.g., gas flares or mining and oil exploration sites). These images have a
resolution of approximately 1 km > 1 km, and each pixel’s value (Digital Number (DN)) represents
light intensity, ranging from DN 0 (no lights) to DN 63 (brightest lights). Since the 1980s, night-time
lights data have been effectively used to detect human presence and activities at global and regional
scales [37-41]. These data have served to monitor and estimate energy consumption [36,37,42,43],
economic activity [42,44-46], population density [39,47,48], and most recently to develop a human
development index [49]. Time series of NTL have also been successfully applied to analyze the trends
of urban expansion and urban dynamics at different spatial scales (e.g., national, regional, and
global) [41,50-52]. The countries in the present study have high urban electrification rates since the
1990s, justifying the use of NTL data to monitor urbanization dynamics in this region. By 1990, all
countries had over 90% urban electrification rates and by 2009 the percentage increased to 99% [53].
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NTL Image Classification and Threshold Analysis

The first step of the analysis of night-time lights was to establish a correlation between the DN
values of the NTL images and different intensities of urban development (Figure 2). The NTL image
classification and thresholding analysis used is described in detail in Alvarez-Berr bs et al. [20], and is
summarized below. We first defined four types of urban land-use classes using indices of urban
compactness following Galster et al. [54]: no-development, scattered development, suburban
development, and compact development. We then used Google Earth’s Quick Bird and IKONOS
images (circa 2000-2009), to find and delineate 76 sample polygons representing the four urban
land-use types across the four countries and in different years. We imported the sample polygons (kml
format) into a shapefile format using GIS, and superimposed each polygon with the corresponding
NTL image to record the minimum and maximum DN values of NTL within each polygon.

We used a multivariate analysis of variance to examine the range of DN values associated with each
land-use class, and found that there were significant differences in the minimum and maximum DN
values of NTL for each of the four land-use classes (ANOVA: minimum f = 138.30, p < 0.001;
maximum f = 135.58, p < 0.001). The range of DN values for each class was: (1) DN 0-5,
no-development; (2) DN > 5-20, scattered; (3) DN > 20-52, suburban; (4) DN > 52-63, compact
(Figure 2). We further subdivided the last class into compact development (DN > 52-60) and central
core (DN > 60-63), to distinguish the city center (i.e., most dense urban area) from other urban land
classes (Figure 2). These two categories were statistically different (Mann-Whitney U-test: minimum
u=38, p =0.02; maximum u = 1.5, p = 0.003). The central core class was established after analyzing
the distribution of DN values within the city polygons, which showed that all the city centers had DN
values over 60. These ranges were used to classify the NTL images for 1992 and 2009 into five light
“intensity” classes, as a proxy of each land-use type (Figure 2). Finally, we mapped the distribution of
the NTL classes in 1992 and in 2009 within the city polygons, and quantified the changes in area of
each NTL class from 1992 to 2009 to determine the dominant patterns of urban development per city.

Figure 2. Google Earth images showing samples of the different land-use classes and their
corresponding night-time lights Digital VValue (DN) ranges. Sites: Lima, Periand Santa
Cruz, Bolivia.

no-development scattered suburban compact central core
(DN 0-5) (DN >5-20) (DN >20-52) (DN >52-60) (DN >60-63)
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4. Results
4.1. Population Dynamics from 1992 to 2009 and Urban Extent of the Major Cities in the Andean Region

The eight cities varied in population size and growth (Table 1). In 1992, the total population of the
eight cities was approximately 20 million people. Lima (~6 million) and Bogota(~5 million) were the
most populated, while Santa Cruz (~710,000) was the least populated (Table 1). By 2009, the
population increased to over 30 million people. The populations of Bogotaand Lima grew by 2.5 and
2.3 million respectively, but at relatively low rates compared to the rest of the cities (Table 1). Santa
Cruz doubled its population, becoming the fastest growing city in the region with an annual growth
rate of 4.8%, twice the rate of all the other cities (Table 1). Overall, population growth rates were
higher in cities with smaller populations in 1992, such as Guayaquil (2.8%), Quito (2.7%) and La
Paz/El Alto (2.6%). Although all cities experienced population growth, they varied greatly in terms of
urban extent, population density, and administrative divisions. In 2007-2009, the extent of the urban
built up area ranged from ~132 km? in Cali to ~760 km? in Lima (Table 1). The population densities of
the two largest cites, Lima (>11,100 people/lkm?) and Bogot& (>20,900 people/km?), varied
considerably. Bogotawas twice as dense as Lima because it had a similar population size, but its
built-up area (~364 km?) was approximately half of Lima (~760 km?). Medell i was the most densely
populated (>21,000 people/km?), followed by Bogotaand Cali (Table 1). Guayaquil also had a
relatively high population density (>13,000 people/km?), and Quito had the lowest (>6,500
people/km?). La Paz/El Alto (>9,000 people/km?) and Santa Cruz (>7,000 people/km?) in Bolivia also
had low population densities. The number of administrative divisions included in the city polygons
also varied; Lima had 38 municipalities, while Santa Cruz had only one (Table 1).

Table 1. Population change from 1992 to 2009, density and urban extent of the eight major
cities in the Andean region.

Annual Google Urban Number
Urban Urban ) .
. . . Population Earth Population of
Country City Population  Population ea . .
. . Growth Rate  Image Density Munici-
in 1992 in 2009 (extent) ) .
1992-2009 Year (per/km?) palities
Bolivia  LaPaz/El Alto 1,189,000 1,847,000 2.6 2009 200 km? 9,235 4
Santa Cruz 710,000 1,584,000 4.8 2009 221 km? 7,167 1
Colombia Bogota 5,030,000 7,609,000 2.5 2009 364 km? 20,904 2
Cali 1,976,000 2,664,000 1.8 2007 132 km? 20,182 2
Medell n 2,199,000 3,231,000 2.3 2008 151 km? 21,397 6
Ecuador Guayaquil 1,711,000 2,732,000 2.8 2009 209 km? 13,072 3
Quito 1,372,000 2,165,000 2.7 2008 331 km? 6,541 14
Pera Lima 6,106,000 8,462,000 1.9 2009 760 km? 11,134 38

TOTAL 20,292,000 30,294,000 24 70




Land 2013, 2 45

4.2. Urbanization Dynamics Based on Night-Time Lights Data
4.2.1. Level and Rate of Urbanization between 1992 and 2009

The time series analysis of the average light intensity or DN value per city between 1992 and 2009
revealed differences in the level of urbanization and in the rate of urban growth between cities
(Figure 3). We identified three different trajectories of urban growth: (1) cities with very high levels of
urbanization and little or no change in mean light intensity (Bogota Medell m, and Cali); (2) cities with
relatively high levels of urbanization in 1992 that experienced slow urban growth (Lima and
Guayaquil); and (3) cities with low levels of urbanization in 1992 that experienced rapid urban growth
(La Paz/El Alto, Quito, and Santa Cruz). The analyses also showed that Quito, Santa Cruz, and
particularly La Paz/El Alto grew rapidly between 1992 and 2000 (Figure 3). Overall, we identified a
deceleration in the rate of urban growth between 2000 and 2009 in all cities (Figure 3).

Figure 3. Time series analysis of the average light intensity or DN value per city between
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The distribution of light classes within the city polygons, showed that in 1992, most of the built-up
areas in Bogota(83%), Cali (68%), Medell n (68%), and Guayaquil (62%) were classified as central
core (DN > 60-63), indicating high levels of urbanization (Figures 4 and 5(a)). In contrast, the central
core area of Quito (10%) and Santa Cruz (16%) were much smaller, and the majority of the built-up
area was classified as suburban (DN > 20-52) (Figures 4 and 5(a)). In both Lima and La Paz/El Alto,
the central core covered ~35% of the built-up area in 1992; however, in Lima, the suburban class also
covered a large area (33%), while in La Paz/El Alto ~23% of the city polygon was classified as
undeveloped (DN 0-5) or scattered development (DN > 5-20) (Figures 4 and 5(a)).

4.2.2. Changes in Area and in the Distribution of Urban Land-Use Classes

The major change in the Colombian cities of Bogota Medell m, and Cali was the conversion of the
suburban and compact classes to the central core class (i.e., densification) (Figures 4 and 5(a,b)). By
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2009, over 90% of the built-up area in these cities was classified as central core, a clear example of the
densification process (Figures 4 and 5(b)). This densification occurred mainly along the southern and
eastern peripheries of these cities (Figure 4(b)). The urban dynamics of Guayaquil, Ecuador were
similar to those of the Colombian cities, characterized by a transition from the suburban and compact
classes to the central core class (Figures 4 and 5(a,b)). The central core expanded from 117 km? to
148 km?, covering 78% of the built-up area in 2009 (Figures 4 and 5(b)). The central core extended to
the northwest of the city center, but mostly to the east across the Guayas River into areas classified as
suburban in 1992 (Figure 5(b)). Urban growth in Quito, Ecuador was much more dynamic (Figures 4
and 5(a,b)). The central core area of Quito increased from ~32 km? to ~150 km? (Figure 5(b)),
extending north, east and south of the city center into areas classified as low (DN > 5-20) and medium
intensity (DN > 20-52) in 1992 (Figures 4 and 5(b)). Although the city experienced a dramatic
increase in the central core class, more than 40% of the city remains classified as compact (~134 km?),
and 14% as suburban (~47 km?) (Figures 4 and 5(b)).

Figure 4. Change in the distribution of the night-time lights (NTL) classes between 1992
and 2009 within the city polygons.
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In Bolivia, both cities experienced important urban changes, particularly La Paz/El Alto where the
central core more than doubled, from 68 km? (35%) to 150 km? (76%), extending into areas classified as
scattered and undeveloped to the west of the city center in EI Alto municipality (Figures 4 and 5(b)).
Santa Cruz is unique because it was the only city where the area of the compact class (~122 km?) was
larger than the central core area (~74 km?) in 2009 (Figures 4 and 5(b)). Although the central core more
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than doubled, extending south and east (Figure 5(b)), it only covered 33% of the total built-up area, with
the majority classified as compact (55%) and the rest as suburban (12%) (Figures 4 and 5(b)).

Figure 5. (a) Map of the distribution of the night-time lights (NTL) classes in 1992 within

the city polygons. (b) Map of the distribution of the night-time lights (NTL) classes in
2009 within the city polygons.
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Figure 5. Cont.
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In Lima, Per(j the central core class increased from 269 km? (36%) to 414 km? (55%), expanding
mostly to the south and along the northern and western edges of the city (Figures 4 and 5(b)). In 1992,

71 km? were classified as scattered development, by 2009 virtually all of these areas were converted
into urban class with high light intensities (Figure 5(b)).
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4.2.3. Dominant Patterns of Urban Development

The urbanization dynamics of the eight cities varied greatly (Figures 3-5). The dominant pattern of
urban growth in Bogot& Cali, Medell m, and Guayaquil was high-density compact development. The
populations of these cities grew considerably between 1992 and 2009 (Bogota~2.5 million, Medell m
~1 million, Guayaquil ~1 million and Cali ~680,000), but the urban area did not expand much,
resulting in cities with very high densities (Table 1). In contrast, the dominant pattern of urban growth
in Quito and Santa Cruz was low-density expansive development. These cities were the fastest
growing cities, but they had the lowest population densities and the smallest central cores areas in 2009
(Table 1, Figure 4). For example, the central core of Quito increased 5-fold, but only covered ~45% of
the total built-up area in 2009. Similarly, Santa Cruz, which had the highest annual population growth
rate, doubled its population, but the central core area only covered ~33% of the total built-up area in
2009 (Figures 4 and 5(a,b)). The population of Lima increased by ~2.3 million people, but the patterns
of urban development varied greatly throughout the city. The central core of Lima expanded to the
south and north, while development to the east was dominated by suburban and compact development
(Figure 5(b)). The most dynamic and rapidly changing city was La Paz/El Alto, which experienced the
most expansive urban growth, but at relatively high densities since virtually all new development was
classified as central core (~76% of the total built-up area in 2009) (Table 1 and Figure 5(b)). Much of
the new central core was located in the municipality of EI Alto, in areas that were classified as rural or
scattered in 1992 (Figures 4 and 5(a)).

5. Discussion
5.1. Utility of Google Earth and Night-Time Lights Data for Monitoring Urbanization Dynamics

The high resolution imagery available in Google Earth and the DMSP-OLS stable night-time lights
products were useful and reliable sources of urban geospatial data. Google Earth imagery is a practical
and accessible tool for mapping urban areas because it facilitates the identification of urban landscape
characteristics, such as the type (e.g., informal settlements) and intensity of development (e.g., low rise
vs. high rise). Google Earth can also be used to collect validation and reference data for accuracy
assessments [33]. DMSP-OLS night-time lights (NTL) data are also very useful because they provide
annual worldwide coverage for urban studies and are freely available online. Moreover, the high
contrast between lit and unlit pixels in NTL data enhances the identification of urban areas, and helps
to overcome misclassification of urban land cover caused by their spectral similarities with barren
terrains and deserts when using other satellite imagery [7,55]. However, a limitation of this dataset is
that NTL images have a tendency to overestimate the extent of the urban area because of the
“overglow” effect [31]. This problem can be reduced by only including areas with DN values that are
above a given threshold [32]. These thresholds should be defined based on the objectives of the study,
and by using reference samples from other land cover sources (e.g., Google Earth) [32,33].

Another limitation of NTL is oversaturation [32,33], which affects the detection of changes in
highly urbanized areas. This is because NTL saturate at a maximum DN value of 63 and any increase
in brightness is not detected [6,34]. Despite efforts to correct this problem [34], oversaturation
continues to be an issue for NTL analysis [6], and may have hindered the detection of changes in
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highly urbanized cities in our study. This suggest that NTL data are better at capturing urbanization
dynamics in cities with a recent history of urban growth (e.g., La Paz/El Alto), rather than small
changes in older more stable cities (e.g., Bogot3.

5.2. Factors Shaping Urban Development in the Andean Region

NTL data were very useful for determining the direction of urban growth and providing a standard
measure to analyze and compare spatial patterns of urban development among cities in the Andean
region (Figures 4 and 5(a,b)). In the following sections, we discuss possible factors influencing the
urbanization dynamics, including demographic and socioeconomic factors, the geography of the
region, and housing prices.

5.2.1. Andean Geography

Geography and local landscape characteristics played a major role in shaping urbanization
dynamics. In Colombia, the high-density compact urban development pattern detected by NTL could
be associated with the steep geography of the Andes. The cities of Bogota Cali, and Medell i were
built in the foothills of the Andes, restricting land availability for further urban expansion and causing
the densification of existing urban areas. Often, the edges of cities in this region are marked by steep
slopes and terrains inadequate for building, but the pressures of population growth, due to natural
increase and immigration, have increased the demand for housing and many informal settlements have
been built in these marginal areas [56-58]. A classic example of this dynamic was the colonization of
the steep slopes to the northeast of Medell m (e.g., Santo Domingo) that began in the 1950s [59].
Today, these areas are some of the most densely urbanized in Medell m, with over 400 dwellings per
hectare [30]. In contrast, the majority of expansion during the last 20 years has occurred in high
income municipalities (e.g., Sabaneta, Envigado) in the southern part of the city (Figure 5(b)). This
growth has included new industrial areas and gated communities [60]. In Bogot& urban growth
occurred largely on the southern edge of the city, specifically in the poor neighborhoods of Usme,
Ciudad Bol var, and Soacha (Figure 5(b)). These areas were classified as suburban (DN > 20-52) in
1992 and shifted to central core (DN > 60-63) by 2009 (Figures 4 and 5(a,b)). Currently these
neighborhoods are the fastest growing and most densely populated areas in Bogota[57,61]. Ciudad
Bol var concentrates the poorest population (estimated between 800,000 and 2 million inhabitants), most
of them immigrants and displaced people [56,61]. In Bogota the lack of land has also led to urban
development in wetland areas; approximately 80% of Bogota’s wetlands have been urbanized [57]. This
tendency to occupy vulnerable and environmentally hazardous areas was also observed in Cali. Urban
growth in Cali occurred largely to the east (Figure 5(b)), particularly in the southeast (e.g., Aguablanca).
This area is the poorest and most densely populated neighborhood in Cali, dominated by informal
settlements located in flood-prone areas on the marshy plains of the R © Cauca [62].

Similarly, virtually all urban development in Guayaquil has occurred in wetland ecosystems
because the city is located in a low and marshy area (~4.5 m above sea level) between the Guayas
River and the Salado Estuary [55]. Consequently, many informal settlements have been established in
flood-prone areas without proper planning [56]. Recent urban growth in Guayaquil occurred largely to
the east of the city center, spreading into the hilly hinterlands of Eloy Alfaro and Dur&n on the left
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bank of the Guayas River (Figure 5(b)). In Quito, since the city center is limited by the Andes to the
east and by the Pichincha Volcano to the west, most of the urban expansion occurred to the south and
east (Figure 5(b)) into agricultural lands in the valleys of Chillos, Tumbaco, and Cumbaya. Most of the
development in these areas was dominated by low-density and low-rise structures [57]. Consequently,
Quito has the smallest central core and the lowest urban population density of the eight cities studied
(Figures 4 and 5(b)), yet having one of the highest population growth rates (Table 1).

Landscape characteristics are also an important factor defining urbanization dynamics in Lima, which
is located in a narrow desert coastal plain. The central core of Lima expanded mostly to the south,
particularly in the municipality of Villa El Salvador (Figure 5(b)). In the early 1990’s, the main land
covers of this municipality were deserts and agricultural lands, but illegal land invasions have converted
many areas into informal settlements [63]. For example, in January 2000, land zoned for agriculture and
livestock grazing in this municipality was invaded by more than 10,000 squatters [64]. Presently, Villa El
Salvador is one of Lima’s largest low-income municipalities, with over 400,000 inhabitants and where
~50% of the population lives below the poverty line [65]. Although there are no official statistics,
estimates show that ~20%—-30% of the city’s population live in informal settlements [63].

Urbanization dynamics in La Paz/El Alto in the Altiplano of Bolivia were also shaped by the
geographic conditions of the area, specifically by the restrictions of land availability in the city center
which is located in a steep and narrow valley. According to the analysis of NTL, the central core
expanded west into the municipality of EI Alto (Figure 5(b)), where the terrain is characterized by flat
highlands with no physical barriers for urban expansion. Originally a neighborhood of La Paz, El Alto
became an autonomous municipality in 1988 due to rapid urban growth caused by high immigration
and the lack of space in La Paz city center [66]. The population of El Alto increased from ~400,000 in
1992 to ~1 million in 2009, accounting for over 50% of the total city population [29]. Currently, the
majority of the manufacturing industries in the Bolivian highlands are located in El Alto [27].
However, it is also the poorest area, commonly known as the “indigenous city” since 95% of the
population is indigenous, mostly Aymara (75%) and Quechua Indians that migrated from rural
areas [27]. In 2006, about 80% of the population in EI Alto lived in low-income settlements, and 70%
lived on less than US$1 per day [66].

Rather the contrary occurs in the Bolivian eastern lowlands of Santa Cruz, where the vast flatlands
around the city center have no natural barriers that limit urban expansion, besides the Pira iRiver to the
west (Figure 1). The physical characteristics of the terrain and the large influx of immigrants attracted
by the 1990s economic boom following the discovery of large natural gas reserves in the region fueled
rapid and uncontrolled urbanization [28]. The results showed that between 1992 and 2009, the urban
population in Santa Cruz doubled, having the highest annual population growth rate of all the cities
studied (Table 1). The analysis of NTL revealed that the central core of Santa Cruz expanded, but the
most important dynamic was the wide expansion of compact and suburban urban areas to the east and
south of the city center (Figures 4 and 5(b)). Most of these growing areas are located outside the city’s
concentric ring roads built to restrain urban growth as part of the Plan Techint urbanization scheme of
1960 [67]. Consequently, the original radial structure of the city has been altered by unplanned urban
development outside the city’s rings, mostly because the municipal authorities left urban development
to private developers, subject mostly to market forces [28]. The absence of geographical barriers plus
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the expansive and uncontrolled urban growth are probably responsible for Santa Cruz’s low population
density levels (Table 1).

5.2.2. Land Value and Housing Prices

Landscape characteristics are also related to land value, a major driver of urban development [14].
Virtually all urban expansion in La Paz/El Alto occurred within the municipality of El Alto due to the
availability of relatively inexpensive land. For example, the cost of renting in La Paz is approximately
twice as expensive as in El Alto [68]. This has attracted middle-class households looking for
affordable housing [27]. In the case of Santa Cruz, the high prices of rental properties, the lack of
affordable housing in the city center, and the absence of policies to control land use and land
speculation has encouraged illegal land dealers to sell state-owned land to rural migrants around the
city periphery [28]. In the case of Cali in Colombia, the agricultural industry is one of the main
economic activities for the city (e.g., sugar cane, coffee), and the high values of agricultural lands act
as barriers for urban expansion [69]. Agricultural lands visibly mark the urban-rural frontier,
particularly to the east. A similar dynamic is observed in Bogot& where agricultural lands to the west
of the city are mainly used for flower production. Flower exports are an important economic activity
that generate over US $900 M annually, thus limiting urban expansion [70]. Furthermore, the
construction sector in Bogotahas experienced a deep financial crisis since the mid-1990s that has
affected the provision of formal housing throughout the city, particularly for low-income families.
Approximately 11,000 affordable housing units (US $9,000-US $11,000) are constructed annually in
Bogota however the annual demand is ~40,000, forcing many families to settle in informal
developments along the periphery of the city [28]. As a result, peripheral zones in Bogotatend to have
very high population densities, mostly due to overcrowding [71]. Accordingly, while urban sprawl has
been the dominant growth pattern in most developing cities worldwide, the city of Bogot& has
experienced a densification process during the last decades [72]. A recent study showed that the overall
density in Bogot& increased ~8% between 2001 and 2008, which represents an increase of
approximately 1,400 inhabitants per square kilometer [71]. This dynamic is related to the densification
of suburbs and peripheral zones, but also to the densification of areas served by the Transmilenio
mass-transit bus system [71,72].

5.3. Urban Density Levels in the Andean Region, a Global Perspective

At the global scale, population densities in the Andean cities are representative of urban densities
worldwide (Figure 6). Medell m, Bogotg and Cali are at the high end of the density range and among
the densest cities in the world alongside Kolkata and Hong Kong. Guayaquil, Lima and La Paz/El Alto
have densities comparable to Mexico City and Delhi - two of the five most populated cities of the
world [9]. Quito and Santa Cruz have densities typically found in other Latin American cities
including Sao Paulo, Salvador, Rio de Janeiro, Havana, and Santiago (Figure 6), and comparable to
Jakarta, the most populated city in Southeastern Asia. In some cases, these similarities in urban
population densities among cities are associated with similar spatial patterns of urban development.
For example, urban growth in Quito, Santa Cruz, and Jakarta is characterized by the conversion of
agricultural lands to low-density suburban development [73]. The variance between the UN estimates
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and our estimates of urban population density in Andean cities (Figure 6), is related with differences in
the land area considered, since population size in both estimates was similar. For Santa Cruz, La
Paz/El Alto and Lima, the land area reported by the UN was smaller than our estimate of urban land
area; the opposite for Quito.

Figure 6. Comparison of our estimates of urban population density in Andean cities with
the densities of other Latin American cities and major cities around the world, according to
the United Nations estimates for urban agglomerations [19].
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6. Conclusions

Some studies suggest that urban population densities in Latin American will decline as cities
become more affluent and more decentralized [74]. Furthermore, poorer countries are expected to have
cities with higher population densities [75] and lower levels of per capita land consumption [40]. Our
analyses showed the opposite. The most densely populated cities were in Colombia, which had the
highest country-level GDP, while La Paz/El Alto, Santa Cruz, and Quito had lower GDP and low
population densities (Table 1). In addition, urban development in the Colombian cities was
characterized by densification and low land consumption, while urban development in Santa Cruz and
Quito was more expansive (Figure 5(a,b)). Presumably, the future scenario of urban growth in cities of
the Andean region will be densification and deceleration in the rate of urban expansion, which
probably will be accompanied by informality, poverty, and marginalization [8,13]. It has been
estimated than 70% of the urban growth in low and middle income countries occurs outside the formal
planning process [12].

Many of the environmental problems in cities are precisely a consequence of poor planning and
deficient public administration, underlined by the lack of well-defined policies rather than from
urbanization itself [9]. For example in Bolivia, the conurbation formed by the municipalities of La Paz
and EIl Alto is considered one of the fastest growing cities in the world; however, the municipalities are
administrated separately and unequally [27]. This fragmented governance structure hinders adequate
planning and city management, negatively affecting the provision of goods and services (e.g., housing,
transport, sanitation, employment), and enhancing social and economic disparity. The same occurs in
Lima, where the continuous urban built-up area includes 38 municipalities (Table 1) that are politically
autonomous and administrated separately [63].

Globally, the extent of urban areas is expanding rapidly, but do we have the governance and
planning structures or tools necessary to effectively manage these cities? At the most basic level,
governance and planning activities must adapt to larger areas as cities grow and merge with adjacent
towns forming metropolitan areas. To be effective, it is essential that city planners and
decision-makers have access to up-to-date accurate spatial data at the city and metropolitan scale. The
present study shows how free, and current spatial information (e.g., Google Earth, NTL data) can be
combined to provide urban planners with invaluable information for tracking urban development
patterns. In addition to accurate urban spatial data, it is essential to integrate governance and citizen
participation in developing solutions for the diverse challenges (e.g., water availability, energy and
food security, adaptation to climate change) of these growing metropolitan areas [76].
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