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Abstract: This study models changes in land cover and land use in the intermediate city of
Puerto Montt, Chile, up to 2050. Three distinct time periods—1988, 2005, and 2020—were
used to examine Puerto Montt’s urban growth during these years. These periods were
described using the Local Climate Zones (LCZ) technique. Urban growth scenarios were
simulated using the Patch-generating Land Use Simulation (PLUS) model. Using Machine
Learning (ML) techniques, this model has been widely utilized to explain how urban
growth patterns have evolved based on the dynamics that drive changes in land use and
land cover. Three scenarios were developed for this study: Business-As-Usual (BAU) (S1),
Urban-Regional Planning (S2), and Conservationist (S3). According to the findings, Puerto
Montt is predicted to undergo morphological changes by 2050, shifting from rural areas
primarily composed of woods and agricultural land to open, low-density, low-rise areas
outside the municipal limits set by the Communal Regulatory Plans. According to this
study, Puerto Montt’s relative entropy level was high, ranging from 0.87 to 0.96, with a
maximum value of 1.00 by 2050. These findings are anticipated to provide planners and
decision-makers with further knowledge on the territorial design of upcoming urban areas.

Keywords: land use change; urban growth scenario; middle-sized cities; PLUS model

1. Introduction
Urbanization is advancing worldwide, and its impact extends far beyond urban

spaces [1]. According to UN-Habitat III [2], the global urban population is expected to
nearly double by 2050, making urbanization one of the most transformative trends of
the 21st century. Urbanization in southern Chile has profoundly transformed its cities,
generating both progress and challenges [3]. On the one hand, it has driven economic
growth and the modernization of infrastructure, improving access to basic services, health-
care, education, and transportation [1]. However, this process has also brought negative
consequences, such as unplanned urban sprawl, increased pressure on the environment,
loss of green spaces, and pollution of bodies of water [4]. In addition to this, housing
problems, traffic congestion, and growing social fragmentation are marked by segregation
between sectors with differing levels of access to opportunities and quality of life [5].

Currently, there are methodologies that integrate different scales (local or regional),
allowing for the analysis of the dynamics of this process by understanding the effects

Urban Sci. 2025, 9, 165 https://doi.org/10.3390/urbansci9050165

https://doi.org/10.3390/urbansci9050165
https://doi.org/10.3390/urbansci9050165
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/urbansci
https://www.mdpi.com
https://orcid.org/0000-0002-5787-0942
https://orcid.org/0000-0003-3963-5807
https://orcid.org/0000-0002-3489-0692
https://orcid.org/0000-0002-0489-1555
https://doi.org/10.3390/urbansci9050165
https://www.mdpi.com/article/10.3390/urbansci9050165?type=check_update&version=1


Urban Sci. 2025, 9, 165 2 of 21

generated by future land use/land cover changes based on their classification [6]. These
methodologies influence the modification of current territorial planning strategies [4,7,8].

Their application has increased through probabilistic methodologies [9], and studies
have been further developed with new analyses that enable modeling of future land
use/land cover change scenarios. These serve as tools to assess the potential impacts of
urbanization demand on rural and natural environments in the future [10].

This urbanization process has affected not only metropolitan areas but also regions
undergoing metropolization and smaller areas near urban zones [11–13].

The cities and territories of Latin America have been a clear example of such pro-
cesses, driven by rapid peri-urban transformations and an accelerated expansion of urban
boundaries into areas originally designated for agricultural activities and natural resource
protection in the region’s major urban centers [14].

This phenomenon can be explained by the impacts of a neoliberal model and deregu-
lation in planning instruments, which have resulted in dispersed urban areas, high levels
of fragmentation, and significant pressure on areas of high ecological value [15,16]. This
type of urban development is reflected, among other phenomena, in the proliferation of
informal settlements on urban peripheries, which are particularly distinctive and visible in
certain countries in the region [17].

In this regard, Chilean cities represent a paradigm case. The country has a high
urbanization rate of approximately 87.8% [18]; however, it faces significant regula-
tory shortcomings that drive notable dynamics in built-up areas and urban expansion.
These factors contribute to dispersed and fragmented growth, affecting both cities and
their hinterlands beyond Chile’s three classic metropolitan areas (Santiago, Valparaíso,
and Concepción) [19–21].

As a result, spatial models of land occupation and spatial relationships are being
profoundly transformed, fostering new organizational logics of space in Chile [22].

One of the cities that has closely followed these processes and exhibited exceptional
population dynamics compared to other cities in the country, due to an economy based on
commerce and services sustained by the salmon commodity, is the city of Puerto Montt
and its associated system of satellite cities [12].

This city has been characterized by urban transformation processes driven by dif-
ferential growth patterns in consolidated urban areas, prioritizing the development of
social housing over other types of residential solutions [23]. Additionally, there are high
levels of fragmentation in rural territories, where single-family homes are developed in
gated communities or isolated enclaves for wealthier sectors, largely due to amenity-
driven migration [21].

This form of territorial organization was enabled by Decree Law 3516, enacted during
the dictatorship (1980), which allowed rural land to be subdivided into plots as small as
5000 m2. This regulation has often enabled the proliferation of informal urban settlements,
a trend that intensified in southern Chilean cities during the COVID-19 pandemic [17].

To guide this study, we raised one central question: How have profound changes
in land use and occupation occurred in medium-sized cities, conditioned by economic
processes and the absence of planning instruments?

The hypothesis of this research is that, over the past 30 years, an increase in the
subdivision of rural areas originally designated for agricultural and forestry activities has
led to the emergence of new urban centers outside the scope of planning. These areas are
characterized by low-density construction and a dispersed distribution across the rural
territory of Puerto Montt. By simulating these changes for 2050, the city is projected to
form a new metropolitan space based on the conurbation of smaller populated areas with
larger, higher-hierarchy zones.
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To fill this knowledge gap, this article aims to understand the evolution of these
processes and project future scenarios within such developmental contexts, contributing to
the understanding of spatial urbanization models in Latin American settings.

The objective of this research is to simulate land use/land cover changes in medium-
sized cities undergoing metropolization processes by 2050. Methodologically, this study
first analyzes current land use/land cover changes in the urban system of Puerto Montt
according to the Local Climate Zone (LCZ) classification scheme. Subsequently, different
scenarios are simulated based on various drivers or constraints affecting land occupation
patterns. Finally, urban expansion patterns for 2050 are analyzed using a concentric zone
model to measure urban surface density.

2. Background
Rapid urbanization and its scattered patterns are significant factors contributing to

biodiversity loss and fragmentation of natural habitats [24]. The southern macrozone
of Chile has undergone significant transformations, as evidenced by the expansion of
urban areas at the expense of agricultural land, which has also affected native forest
cover [25]. This pattern presents a crucial challenge: to generate accurate knowledge about
the evolution of land use and land cover to guide sustainable urban development policies
that mitigate the environmental impact of city growth [24].

Various methodologies exist that integrate different scales (local or regional) to analyze
urbanization processes by understanding the effects generated by future land use/land
cover changes [4]. This approach is grounded in the potential these methodologies offer for
territorial planning, thereby enabling more effective spatial planning [26].

In this regard, the use of such methodologies in urban and geographical studies
provides a structured and systematic way to understand the complexity of urban sys-
tems, allowing researchers and planners to explore different outcomes and more robustly
comprehend the interaction of the factors that influence urban development [27,28].

The development of these approaches can be traced back to the 1980s and the 1990s,
with the emergence of probabilistic proposals aimed at measuring the impact of land
use/land cover changes in a region or urban system, as well as the possibilities enabled by
satellite imagery [9,29].

With the rise of Geographic Information Systems (ArcGIS, QGIS), programming
libraries with spatial applications (Python (https://www.python.org/), R (https://www.r-
project.org/), or Google Earth Engine), improved image resolution (e.g., Sentinel program),
and increased computing capacity, studies have proliferated that not only aim to understand
land use/land cover changes but also carry out spatial analyses based on future scenarios.
These are conceived as tools to anticipate the impacts of urbanization demand on rural and
natural environments [10,30].

In this context, simulation models such as Patch-generating Land Use Simulation
(PLUS), SLEUTH, and FLUS—based on Cellular Automata (CA)—as well as newer ap-
proaches like Agent-Based Models (ABM) or system dynamics, have become consoli-
dated [7,30], establishing themselves as key tools in prospective territorial studies.

A wide range of contributions [4,8,29,31] has thus been oriented toward developing
simulations of land use/land cover change scenarios, emphasizing the importance of
incorporating various driving or restricting forces, differentiated time horizons, and the
inclusion of social, economic, political, and environmental variables [20], along with the
application of diverse models.

One notable model is the Patch-generating Land Use Simulation (PLUS), proposed by
Liang et al. [32], which offers the strength of simulating land use change through stochastic

https://www.python.org/
https://www.r-project.org/
https://www.r-project.org/
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pixel-based movement modelling. This model has been applied in various studies, such as
those of Wang et al. [33] and Feng et al. [34].

Numerous studies have employed these tools to analyze urban growth processes in
medium-sized cities [7,13,19,20]. These studies have expanded their application to the
analysis of spatial representations. However, little attention has been paid to the pressure
exerted by crops and plantations on areas of high ecological value [14] or to how different
types of construction in rural areas are rapidly consuming agricultural land [21].

3. Materials and Methods
3.1. Study Area

Puerto Montt is functionally conurbated with other lower-hierarchy areas, such
as Puerto Varas and Llanquihue, forming a functional unit with a total population of
308,071 inhabitants [35]. The combined urban area of these three urban centers is 78.24 km2,
with Puerto Montt accounting for 81.25% of the total (Figure 1).
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Figure 1. Map of the study area in the city of Puerto Montt.

Future population estimates for the functional unit of Puerto Montt-Puerto Varas-
Llanquihue estimate that it will reach 381,326 inhabitants by 2035. This represents a 19.21%
increase in the total population compared to 2017 [36]. Morphologically, like other cities in
the southern macrozone of Chile, it is located within the Central Depression, characterized
by irregular terrain embedded within the coastal mountain relief [37]. Situated within the
Maullín River Basin, the city extends northward, oriented toward the visual basin of Lake
Llanquihue, and southward toward the Reloncaví Sound.

Puerto Montt’s role within the regional system of cities is driven by globally impactful
economic activities, such as the fishing industry based on salmon production, as well as
livestock and tourism activities [38]. According to Escolano and Ortiz [39], its growth
has been characterized by the outward expansion of pre-existing urban fabric rather than
densification in consolidated areas, where commercial and tourism activities coexist with
residential land uses. Historically, both the city of Puerto Montt and its hinterland (Puerto
Varas and Llanquihue) have a European heritage stemming from the development of
German settlements in the mid-19th century [40].
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3.2. Data Collection

To map the different LCZs that allow for the analysis and simulation of land use/land
cover changes in the city and hinterland of Puerto Montt, medium spatial resolution images
from the Landsat satellite have been selected. According to Dou et al. [41], this series of
images has been widely used in land use/land cover change analyses for large-scale areas
such as cities or regions.

A supervised classification analysis was conducted on satellite images from Landsat 4
Thematic Mapper (TM) and Landsat 7 Enhanced Thematic Mapper Plus (ETM+). These
images were obtained from the United States Geological Survey (USGS) (Table 1).

Table 1. Images and bands were used for the periods of 1988, 2005, and 2020.

1988 2005 2020

Date images June 5 November 8 January 2
Images Landsat 4 TM Landsat 7 ETM+
Bands B1/B2/B3/B4/B5/B7

Cloud cover percentage <10%
Horizontal resolution 30 m

The Landsat 7 (ETM+) images used were corrected for banding effects using the
“Landsat Toolbox” tool in ArcGIS 10.2, developed by the USGS (USGS, 2017). The FLAASH
method was applied for radiometric and atmospheric corrections [42].

3.3. Data Analysis
3.3.1. Image Processing

Once the satellite images were corrected, the Local Climate Zones (LCZ) method was
applied [43]. This method allows for the definition of regions with similar characteristics
based on their land use/land cover. Its criteria have been established to differentiate zones,
all of which are anthropogenic in nature [44].

The LCZ method is divided into 17 standard classes, with 10 categories for built-up
areas (e.g., high-rise compact areas, low-rise compact areas, open low-rise areas, and heavy
industry) and seven categories for vegetation (e.g., dense trees, scattered trees, bare soil, and
water). Each of these categories is associated with different microclimatic and structural
conditions that influence air temperature variations in different zones [45].

For this study, nine of the 17 LCZ classes were selected, which were validated through
fieldwork conducted in January 2021 and a literature review of studies applying the LCZ
method in other middle-sized cities in Chile [7,46,47]. These correspond to LCZ 2 through
LCZ D (Figure 2).

To classify LCZs, the methodology of the World Urban Database and Access Portal
Tools Project was applied [48], which establishes a series of successive steps to generate
static LCZ maps. This method is based on supervised classifications of preprocessed
Landsat satellite images using Machine Learning (ML) techniques based on Random Forest
within the Geographical Information System (GIS) SAGA (v.6.3.0). The Local Climate Zone
Classification module was employed, applying a filter that approximates contiguous cells
(majority filter) within a neighborhood of three pixels, equivalent to a 90-m radius. The
generated maps were visually inspected using Google Earth Pro [49] software.
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3.3.2. PLUS Model Framework

Land use and land cover change models are highly valued in geographical sciences
and urban studies because they explicitly represent spatial relationships and patterns. They
can be integrated into Geographic Information Systems (GIS), remote sensing, and statistical
techniques to simulate and analyze land use and land cover changes at various scales.

To investigate the evolution of urban growth patterns based on the driving forces that
influence land use and land cover changes, the Patch-generating Land Use Simulation
(PLUS) model was applied [32]. This model simulates land use and land cover changes
with the capacity to integrate a rule-based framework known as the Land Expansion
Analysis Strategy (LEAS) and a cellular automata model based on multi-type Random
Seeds (CARS). This approach illustrates the driving forces influencing the expansion and
landscape dynamics of land use and land cover (Figure 3).
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The growth probabilities of each LCZ within the study area were calculated using the
LEAS module. These probabilities are combined with the number of pixels corresponding
to each LCZ, the conversion matrix, and the neighborhood weight of pixels for each land
use/land cover category, all of which are estimated within the same module before being
implemented in the CARS module.

The driving forces used in the LEAS module to calculate growth probability were seg-
mented into three dimensions: sociodemographic, environmental, and socioeconomic (Table 2).

Table 2. List of independent variables (driving forces) used in the LEAS module.

Dimension Variable Direction of
Valorization Source

Socioeconomic

Distance to
financial activities Direct

OpenStreetMap https://www.openstreetmap.org
(accessed on 20 October 2023).

Distance to
commercial activities Direct

Distance to the structuring
road network Direct

Distance to housing real
estate projects Direct Portal Inmobiliario,

https://www.portalinmobiliario.com (accessed on
10 October 2023), TocToc https://www.toctoc.com

(accessed on 15 October 2023), and Real Estate Report,
Chilean Chamber of Construction, 2023.

Distance to apartment real
estate projects Direct

Distance to rural land
subdivision projects Direct

Distance to
educational centers Direct Ministry of Education, through IDE Chile, 2023.

Distance to
healthcare centers Direct Ministry of Health, through IDE Chile, 2023.

Distance to main
urban center Direct

Own elaboration.
Distance to secondary

urban center Direct

Distance to landfill site Inverse Inventory of final disposal sites, SUBDERE, 2019.

Environmental
Altitude Direct ALOS Satellite, Japan Aerospace Exploration Agency

(JAXA), 2015.Slope Direct

Sociodemographic Population density Direct Population Census, National Statistics Institute
(INE), 2017.Housing density Direct

The CARS module is a Cellular Automata model that incorporates a patch-generation
mechanism (grouped units) based on multiple random seeds for land use. This approach
ensures that the analysis does not examine pixels in isolation but rather considers their
spatial relationships [32].

3.3.3. Application of the PLUS Model and Scenario Definition

Considering all the parameters within the PLUS model and the definition of the
three scenarios to be simulated for 2050, as proposed by Liang et al. [32], “spatial policy
development zones” were applied to establish a prioritization of spatial policies within
each scenario. This process involved directing land-use change preferences with values
ranging from 0 (lower preference for change) to 1 (higher preference for change).

For the urban growth scenarios of the analyzed cities based on the PLUS model,
only one land-use category influencing the application of spatial policy was considered
within these “spatial policy development zones”: the territorial planning instruments at
the municipal scale (Municipal Regulatory Plans) [31,32] (Tables 3 and 4).

https://www.openstreetmap.org
https://www.portalinmobiliario.com
https://www.toctoc.com
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Table 3. Details of the different land-use change scenarios based on the PLUS model.

Urban Growth Scenario
for 2050

Land Demand Estimation

Policy Development Zones

Application of Prioritization
in Specific

Development Zones

Constraints on Future
Urban Developments

Business-as-usual (BAU) (S1)

Calculated according to the
historical trend of the LCZ
using linear regression for
two points, adjusted to the

demand of key stakeholders.

does not apply

Hydrography
(rivers, lakes, oceans)

Ecological protection and
biodiversity areas

(SNASPE Sites)
Indigenous communities

Urban wetlands
Urban-Regional Planning (S2) Calculated based on interviews

with local stakeholders
Current urban boundary as of

2020 + 500-m buffer zoneConservationist (S3)

Table 4. Definition of elasticities (weights) and priority development areas for each LCZ in the
different scenarios proposed in the PLUS model for the city of Puerto Montt.

Typology of
Local Climate Zones

(LCZ) Used in the
Simulations

Definition of Urban Growth Scenario

Business-As-Usual (BAU)
(S1) Urban-Regional Planning (S2) Conservationist

(S3)

Elasticity
Specific

Development
Zones

Elasticity
Specific

Development
Zones

Elasticity
Specific

Development
Zones

LCZ 2—Compact mid-rise 0.4

does not
apply

0.4 - 0.4 -
LCZ 3—Compact low-rise 0.4 0.2 - 0.5 -

LCZ 6—Open low-rise 0.6 0.9 Weight 0.8 0.5 -
LCZ 8—Large low-rise 0.1 0.1 - 0.1 -
LCZ 9—Sparsely built 0.9 0.7 - 0.5 Weight 0.8

LCZ A—Dense tree 0.3 0.7 - 0.1 -
LCZ D—Low plants 0.6 0.9 - 0.1 -

LCZ F—Bare soil and sand 0.1 0.1 - 0.1 -
LCZ G—Water 0.1 0.1 - 0.1 -

This methodological decision allowed for directing the change of pixels observed in
the 2020 period and simulating their transition to another state by 2050.

3.3.4. Analysis of Urban Growth Patterns

To measure the complexity of future urban land use expansion simulated for 2050
in the city of Puerto Montt, Shannon’s entropy values were estimated as a quantitative
measure reflecting the degree of homogeneity or diversity within a dataset [51]. In order to
assess the degree of diversity or homogeneity in urban land use, the Shannon’s entropy
model was applied [52], where two indicators were calculated as follows:

Absolute Entropy = Hn =
n

∑
i=1

Pi loge

(
1
Pi

)
(1)

The absolute entropy (Hn) is defined, where Pi represents the proportion of urban
Surface for the final or simulated period in 2050 in the i-th concentric zone relative to
the total urban surface of the city (Pi =

xi
∑n

j xj ) and n corresponds to the total number of

concentric zones.
The absolute entropy values range between 0 and log(n).

Relative Entropy = H′
n =

n

∑
i=1

Pi loge

(
1
Pi

)
/loge(n) (2)
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Relative entropy (H′
n) is based on the ratio between absolute entropy (Hn) and the

natural logarithm of the analyzed concentric zone (n). The relative value ranges between
0 and 1, providing a better understanding of the balance or imbalance in urban growth
across different types of land use/land cover.

According to Nazarnia et al. [53], relative entropy values of 1 indicate high levels of
urban sprawl.

From a methodological perspective, entropy values are sensitive to variations in the
shapes and sizes of regions (or study areas) when calculating the proportion of urban land
observed in each ring relative to the total urban land analyzed (Pi =

xi
∑n

j xj ) [53,54].

3.3.5. Model Validation

This process consisted of two phases. The first phase was based on a comparison of
two pairs of maps using the Kappa statistic [55]. Validation was conducted at a global
level, reflecting the degree of similarity between the maps, as well as the sub-indicators
KLocation and KHistogram for each of the observed and simulated LCZs in 2020 for the
analyzed cities. The PLUS model criteria used correspond to the parameters of the Business-
As-Usual (BAU) Scenario for 2050, considering the requirements or demands for each LCZ
as observed in the 2020 map (Figure 4).
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4. Results
4.1. LCZs Trajectories Between 1988 and 2020
4.1.1. 1988–2005

The land use/land cover change processes for the city of Puerto Montt show an
increase in the area corresponding to urban zones during this period, although, in terms
of the total landscape analyzed, they represent a small percentage. When examining the
growth rates of the LCZs, urban land covers (LCZs 2, 3, 6, 8, and 9) experienced the greatest
increase, representing an average growth of 503.4% for the period (Table 5). Regarding the
changes in the form and spatial distribution of urban typologies of LCZs, it is evident that
there is a trend toward urbanization based on typologies 6, 8, and 9, where low-density
residential urban areas (LCZ 6) have increased their surface area by 10.91 km2 during this
period. The same trend is observed for LCZ 9 (sparsely built), which increased its surface
area by 13.57 km2.

Table 5. Distribution and variation of the LCZs in the city of Puerto Montt between 1988 and 2020.

Typology of Local Climate Zones
(LCZ) Used in the Simulations

ZCL Area (km2) Rate of Change
1988 2005 2020 1988–2005 2005–2020

LCZ 2—Compact mid-rise 0.40 0.41 0.62 3.6% 51.2%
LCZ 3—Compact low-rise 1.49 2.62 5.64 75.6% 115.3%

LCZ 6—Open low-rise 8.66 19.57 41.53 126.1% 112.2%
LCZ 8—Large low-rise 1.44 6.41 14.79 345.7% 130.5%
LCZ 9—Sparsely built 0.69 14.26 55.92 1966.0% 292.1%

LCZ A—Dense tree 144.02 126.32 120.08 −12.3% −4.9%
LCZ D—Low plants 588.73 573.95 499.59 −2.5% −13.0%

LCZ F—Bare soil and sand 10.70 14.54 17.22 35.8% 18.5%
LCZ G—Water 229.60 227.66 230.35 −0.8% 1.2%

Total 985.73

4.1.2. 2005–2020

The urban-type LCZs (LCZ 2 to 9) only increased their area by 140.3% during this
period, showing less dynamism than the previous period (Table 5). However, the dynamic
change of LCZ 9 was higher than the average (292.1%), followed by LCZ 8 (130.5%),
indicating a clear trend towards the occupation of peripheral areas in the city of Puerto
Montt. Agricultural land consumption (LCZ D) decreased the most during this period
(−13%), followed by forest cover (LCZ A), which decreased by −4.9%.

4.2. Simulation of Urban Expansion of Puerto Montt to 2050
4.2.1. Land Expansion Analysis Strategy (LEAS)

The urban expansion probability maps show a trend towards a high probability of
land use/land cover change in the peripheral sectors of the consolidated urban areas in
Puerto Montt. Specifically, land use corresponding to compact areas of medium-height
buildings (LCZ 2) has a high probability of urbanization throughout the entire study
area (Figures 5 and 6).

In the other Local Climate Zones, particularly LCZ 6 (low-density constructions), LCZ
8 (industries), and LCZ 9 (scattered buildings), a more diffuse probability is observed in
rural areas. This leads to the emergence of new land uses in areas that are currently rural.
LCZ 9 has a high probability of change according to the urban expansion probability map,
which is explained by the contribution of the housing density variable and distance to the
road network (which together account for 28.1% of that Local Climate Zone).
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Figure 5. Contribution of driving forces to the expansion of each Local Climate Zone in Puerto Montt.
Key: A = Altitude; B = Density of people; C = Density of housing; D = Distance to financial activities;
E = Distance to real estate projects of houses; F = Distance to commercial activities; G = Distance to
real estate projects of apartments; H = Distance to educational establishments; I = Distance to projects
of rural lots (parcels); J = Distance to main urban center; K = Distance to road network; L = Distance
to health centers; M = Distance to secondary urban centers; Ñ = Distance to waste treatment centers;
O = Slope.

Regarding areas designated for agricultural activity (LCZ D), the variables that most
influence the expansion of this land cover are altitude, housing density, and distance to
rural land subdivision projects or land subdivisions. Although in this case, each of these
variables does not represent more than 10% on average for each of the three cities, they
are variables related to how rural space is used in the hinterland of the city of Puerto
Montt (Figure 5).

4.2.2. Business-As-Usual (BAU) Scenario Simulation

This scenario allowed for the identification of a clear trend toward an increase in the
area corresponding to land use for scattered buildings (LCZ 9) towards the Alerce sector
(north to the city of Puerto Montt). Additionally, land uses corresponding to medium-
density (LCZ 3) and low-density (LCZ 6) constructions were observed. In particular,
industrial land use (LCZ 8) strongly increased in peri-urban areas, resulting from the
conversion of areas previously designated for agricultural production (Figure 7 and Table 6).
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Table 6. Distribution of the proportion of simulated land use and land cover in 2050 for the city and
hinterland of Puerto Montt.

Typology of Local Climate
Zones (LCZ) Used in

the Simulations

Business-As-Usual
(BAU) (S1)

Urban-Regional
Planning (S2) Conservationist (S3)

LCZ 2—Compact mid-rise 0.2% 0.1% 0.1%
LCZ 3—Compact low-rise 1.2% 1.1% 1.1%

LCZ 6—Open low-rise 7.1% 8.7% 6.5%
LCZ 8—Large low-rise 3.4% 3.4% 3.4%
LCZ 9—Sparsely built 15.2% 15.9% 14.7%

LCZ A—Dense tree 33.8% 32.4% 34.6%
LCZ D—Low plants 36.8% 36.2% 37.4%

LCZ F—Bare soil and sand 2.3% 2.3% 2.3%
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4.2.3. Urban-Regional Planning Scenario Simulation

This scenario shows a trend similar to E1 in terms of land use/land cover conversion
processes (Figure 7), where a greater increase in land use for low-rise buildings (LCZ 6)
was observed. It is evident that by 2050, there would be a predominance in the landscape
of the city and the hinterland of Puerto Montt of scattered buildings (LCZ 9), which would
represent 53.43% of the total simulated urban land. These would be increased in areas near
smaller cities, such as Puerto Varas and Llanquihue (to the north of Puerto Montt) (Table 6).

4.2.4. Conservationist Scenario Simulation

The scenario shows that by 2050, larger areas will be designated for land uses of
isolated buildings (LCZ 9), which will preferably be located in sectors such as Chinquihue
(southwest) and Alerce (west). Compared to the other two analyzed scenarios (S1 and
S2), it is evident that the land use change simulation reveals areas that do not undergo
changes compared to the base scenario (BS), such as the urban area of Alerce (north) and
the northern sector at the boundary of the Puerto Varas commune (Figure 7 and Table 6).

4.3. Validation of the Results Obtained by Simulation

In the validation process of the land use/land cover change simulation model, the
Kappa index and KLocation, and KHistogram indicators were estimated. For the city of
Puerto Montt, the obtained Kappa values exceeded 0.67 (Table 7).

Table 7. Adjustment levels presented by the Kappa index for the land use/land cover change
simulation model for the city of Puerto Montt.

Index

Kappa 0.67
KLocation 0.69

KHistogram 0.97

The simulated land use/land cover categories for the city of Puerto Montt exhibit a
KLocation (pixel assignment probability) ranging from moderate to high adjustment (0.69),
indicating that the model in this city is predicting land use changes consistent with those
observed in 2020. In this regard, urban land uses generally show similar values between
the KLocation and KHistogram indicators, demonstrating that the model is consistently
capturing both the location and magnitude of land use changes. For instance, LCZ 6, which
corresponds to low-density buildings, reflects this relationship (Figure 8).

Urban Sci. 2025, 9, x FOR PEER REVIEW 14 of 21 
 

was observed. It is evident that by 2050, there would be a predominance in the landscape 

of the city and the hinterland of Puerto Montt of scattered buildings (LCZ 9), which would 

represent 53.43% of the total simulated urban land. These would be increased in areas 

near smaller cities, such as Puerto Varas and Llanquihue (to the north of Puerto Montt) 

(Table 6). 

4.2.4. Conservationist Scenario Simulation 

The scenario shows that by 2050, larger areas will be designated for land uses of iso-

lated buildings (LCZ 9), which will preferably be located in sectors such as Chinquihue 

(southwest) and Alerce (west). Compared to the other two analyzed scenarios (S1 and S2), 

it is evident that the land use change simulation reveals areas that do not undergo changes 

compared to the base scenario (BS), such as the urban area of Alerce (north) and the north-

ern sector at the boundary of the Puerto Varas commune (Figure 7 and Table 6). 

4.3. Validation of the Results Obtained by Simulation 

In the validation process of the land use/land cover change simulation model, the 

Kappa index and KLocation, and KHistogram indicators were estimated. For the city of 

Puerto Montt, the obtained Kappa values exceeded 0.67 (Table 7). 

Table 7. Adjustment levels presented by the Kappa index for the land use/land cover change simu-

lation model for the city of Puerto Montt. 

 Index 

Kappa 0.67 

KLocation 0.69 

KHistogram 0.97 

The simulated land use/land cover categories for the city of Puerto Montt exhibit a 

KLocation (pixel assignment probability) ranging from moderate to high adjustment 

(0.69), indicating that the model in this city is predicting land use changes consistent with 

those observed in 2020. In this regard, urban land uses generally show similar values be-

tween the KLocation and KHistogram indicators, demonstrating that the model is consist-

ently capturing both the location and magnitude of land use changes. For instance, LCZ 

6, which corresponds to low-density buildings, reflects this relationship (Figure 8). 

 

Figure 8. Distribution of spatial allocation indicators (KLocation) and quantitative similarity (KHis-

togram) for the simulated LCZ categories in 2020 for the validation process. 

  

Figure 8. Distribution of spatial allocation indicators (KLocation) and quantitative similarity (KHis-
togram) for the simulated LCZ categories in 2020 for the validation process.



Urban Sci. 2025, 9, 165 15 of 21

4.4. Analysis of Urban Expansion Patterns Simulated by 2050

For the city of Puerto Montt, an analysis of urban land density was conducted based
on 33 rings or zones with a radius of 1 km (Figure 9). The highest absolute entropy value
[Ln(33)] corresponds to 3.497. This value is very close to the absolute entropy simulated
in the Business-As-Usual (BAU) Scenario 1 (S1), which is 3.218. These absolute entropy
values decrease in the other two scenarios, being 3.210 in both the Urban-Regional Planning
Scenario (S2) and the Conservationist Scenario (S3) (Table 8).
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Table 8. Shannon entropy values for the three simulated scenarios by 2050 for the city of Puerto Montt.

Scenarios to 2050 Built Urban Area (km2) Absolute Entropy Value Relative Entropy Value

S1 (Business-As-Usual) 204.3 3.218 0.920
S2 (Urban-Regional Planning) 215.4 3.210 0.918

S3 (Conservationist) 198.7 3.207 0.917
Ln (33) 3.497

Figure 9 shows that the comparison of the three scenarios reveals variations in different
sections of the ring zone. Near the city center (up to a distance of 2 km), the scenarios do
not show significant changes in the distribution of the built-up urban area (LCZs 2 to 9).
However, this trend begins to shift as the distance from the center increases, with a reduction
in urban surface area around the 10-km mark, followed by an increase in the built-up area
up to kilometer 16. This pattern indicates strong pressure for new construction on the
outskirts of Puerto Montt. The highest relative entropy values (i.e., those closest to 1) are
observed in Puerto Montt, suggesting that this city is likely to experience significant urban
sprawl by 2050.
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5. Discussion
5.1. Current and Future Dynamics of the Urban Expansion Simulation

In the analyzed period, the trajectories of the Local Climatic Zones (LCZ) reflect that in
the hinterland of the city of Puerto Montt, the predominant zones are LCZ A (dense trees)
and LCZ D (low plants). This pattern has also been documented in previous studies [56].
Furthermore, the parallel analysis of the three cities allowed us to explore whether there are
general trends or irregularities in the distribution patterns of LCZs as a way to approach
the presence of different urban uses. For instance, LCZ A (Dense trees) and LCZ D (Low
plants) show irregular changes, where in the period 1988–2005, the annual growth rate
increases, but in the period 2005–2020, it decreases.

The Random Forest model used to estimate the weight of the driving forces in the PLUS
model predicted the probability of development of future Local Climatic Zones, improving
the understanding of the factors driving this process in their future changes. Thus, the
existence of spatial and temporal patterns of land use and land cover change evidenced for
the city of Puerto Montt aligns with the general trend observed by Morales et al. [57], where
a sustained increase in land cover changes (mainly agricultural) to low-density urban land
(LCZ 6) or dispersed land (LCZ 9) is observed in each proposed scenario.

5.2. Potential Impacts of the Predicted LULC Changes

The spatiotemporal modeling of driving forces influencing the expansion of urban
areas, particularly dispersed and low-density urban areas, as stated by Dubovyk et al. [58],
demonstrates that the driving forces related to distances from primary or secondary urban
centers are the most significant when estimating the weight of a variable in these explana-
tory models of land use and land cover [58], indicating that the driving forces related to
distances from primary or secondary urban centers hold the greatest significance when
estimating the weight of a variable in these explanatory models of land use and land cover.
Additionally, the importance of distance to the structural road network of the city of Puerto
Montt is also highlighted. These same variables have been emphasized in other studies
simulating land use changes in cities in southern Chile, such as Temuco [12].

Unlike other studies simulating land use and land cover changes, the PLUS model
incorporates driving forces, such as slope [59]. This variable is crucial in determining the
weight within the Random Forest model used for each of the nine Local Climatic Zones.
This reflects a significant bias when conducting this type of analysis, thereby preventing
ecological fallacy in the regression.

Among the prevailing theoretical perspectives in Latin American urbanism, Bonilla-
Bedoya et al. [60] highlight the role of infrastructure as a driver of urbanization—a subject
that has been extensively debated over the past thirty years. The identification of infrastruc-
ture and services (e.g., buildings, potable water, and sewage systems) has been recognized
as a key factor that increases the likelihood of urbanization (Quito, Ecuador). Similarly,
López Granados et al. [61] observe a strong correlation between population growth and
urban expansion, specifically in the Mexican context.

5.3. Diversity of Selected Scenarios by 2050

The results of the land use/land cover change simulations for Puerto Montt reveal a
clear future trend toward the expansion of low-density construction urban areas (LCZ 6)
and zones with sparse buildings (LCZ 9). This pattern of diffuse urban growth in the
currently analyzed urban areas has already been observed in similar studies [7,12].

The main assumption for the different scenarios was that land transitioning to resi-
dential areas (LCZ 2, 3, 6, and 9) and industrial construction zones (LCZ 8) would not be
converted to another use (elasticities greater than 0.7). This explicit change condition within
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the model determined that the results of the land use/land cover change simulations across
all three scenarios (Business-As-Usual (BAU) Scenario, Urban-Regional Planning Scenario,
and Conservationist Scenario) exhibit a significant alteration of land cover patterns in favor
of new urban areas. This should not be surprising, as Chen and Man [62] indicate that in
the application of the PLUS model to identify areas of rapid dispersed urban growth in
Chinese cities, future urban land transitions are based on the loss of land designated for
forestry plantations and agricultural activities. A similar trend was observed in the case of
Puerto Montt city.

5.4. Limitations and Future Areas of Research

Regarding the use of the PLUS model, no studies were found applying this model
to Chilean cities. The advantage and, at the same time, the opportunity of using this
model in middle-sized cities in Latin America represent an innovation, given that the PLUS
model originates from China [32] and has initially been applied in cities such as Nanjing
(China) [31] and Zambia (Africa) [63].

For the implementation of the PLUS model, basic inputs are required (e.g., an updated
land registry of rural subdivisions) to simulate changes in the patterns of dispersed urban
expansion based on land-use and land-cover changes. In this regard, the scale of analysis
that allows for the generation of land use/land cover maps using Landsat images is only
suitable for large-scale analyses and not for neighborhood- or district-level studies.

Given the above, land use/land cover change simulations are considered a tool that
should be closely monitored to identify spatial fragmentation patterns in rural areas caused
by the advancement of dispersed urbanization. In the future, these simulations may help
identify not only ongoing processes but also more complex urban phenomena, such as
the formation of new metropolitan areas. However, the success of these policies hinges on
addressing the fragmentation of governance structures, particularly in rural areas, where
coordination between national, regional, and local authorities remains weak. The real test
of these policies will be their ability to reconcile the differing priorities of stakeholders,
ranging from environmental conservation to economic development, while also ensuring
that local communities are not marginalized in decision-making processes [64].

Both private and public entities (municipalities or regional governments) can em-
ploy prospective scenario methodologies to address the inefficient use of urban areas or
abandoned spaces within their respective territorial planning instruments. Studies con-
ducted by Sanhueza-Aros and Peña-Cortés [65] have shown that prospective analysis is an
appropriate approach for contexts characterized by high uncertainty and social conflict.

It would be beneficial for decision-makers to understand the attributes of geo-
information tools in relation to changes in the urban-rural landscape by simulating future
land use changes. For instance, this could be achieved using the CLUE model [66], the
PLUS model itself [32], or other models that facilitate an understanding of the factors
influencing urban area expansion in middle-sized cities.

6. Conclusions
The prospective scenarios of dispersed urban growth enabled the characterization of

current urban expansion processes in Puerto Montt, which aligns with trends observed in
other middle-sized cities in the southern macrozone of Chile, as well as the identification of
potential future conurbations.

This pattern of urban growth is driven by a preference for city expansion rather than
densification or the concentration of new housing and industrial areas. This form of urban
development is characterized by fragmentation, and consequently, over the next 30 years,
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new low-rise, low-density residential areas, as well as commercial and industrial zones, are
expected to be separated and scattered across the current rural hinterland of Puerto Montt.

The methodological application of entropy indicators in urban growth studies has
enabled an objective and precise assessment and quantification of urban development
distribution. In this regard, this study revealed that the relative entropy level for Puerto
Montt is high, ranging between 0.87 and 0.96 out of a maximum value of 1.00 by 2050. This
high figure implies that low-density or dispersed residential land use is fragmented across
all the analyzed zones in the city.

As a result, this will lead to a lack of cohesion and continuity in the urban fabric, gen-
erating medium- and long-term social and environmental impacts. Utilizing such land use
and land cover change simulation tools allows decision-makers, who are directly responsi-
ble for urban planning and territorial management in medium-sized cities transitioning
toward metropolitan status, to identify, compare, and critically reflect on how to manage
future land use patterns with different urban development objectives at the regional scale.

The formulation of multiple urban growth scenarios is based on the simplification
of observed changes and dynamics over a 30-year period. Under the Business-As-Usual
(BAU) Scenario, urban growth trends remain consistent. The implementation of two
alternative scenarios (Urban-Regional Planning and Conservationist) has demonstrated
that the proposed model for the city of Puerto Montt is sensitive when specific land uses
are weighted.

Of the three simulated scenarios, both the Business-As-Usual (BAU) and Urban-
Regional Planning scenarios incorporate the largest urban surface area into the city of
Puerto Montt by 2050. According to the applied entropy indicators, and consistent with
findings from other global studies, this increase occurs most significantly in the outer rings
of the city. However, the Urban-Regional Planning scenario displays higher concentrations
of future construction (primarily in rings 6, 14, 16, and 21).

Therefore, zoning-based planning and the selection of an appropriate land-use change
model tailored to the medium-sized city under analysis are fundamental to ensuring
comprehensive and coordinated development in areas transitioning toward metropolitan
spaces. Thus, the diversity of urban contexts makes it necessary to adapt urban growth
modeling and management approaches, for example, by emphasizing the integration of
climate and environmental risk factors into planning strategies.
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