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Abstract: In an urbanized world, the sustainability of cities will depend on their form and urban
structure. In this sense, fabrics that are compact, dense, green, and suitable for non-motorized
transport methods are more environmentally efficient. For the purpose of contributing new tools to
the design, urban planning, and sustainability of nature in residential areas, this study characterizes
the urban fabrics of six urban wetlands in the Latin American city of Concepcién (Chile), which
is known for its blue—green spaces. In a wetland city, we model urban patterns through spatial
relationship using a statistical regression model (OLS—ordinary least squares) with the urban
variables of density, distance, population, housing, highways, green areas, and building permits.
Concepcién shows predominantly low- to medium-density fabrics, and it is not integrated with
the urban wetlands. In fact, it was observed that the residential areas do not take advantage of the
blue—green spaces and that the urban fabrics do not favor proximity, with a transportation network
that promotes the use of cars, leading to the wetlands being inaccessible and fragmented. However,
as they are still surrounded by open spaces with abundant vegetation, there are highly feasible
opportunities for the future development of blue-green infrastructure.
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1. Introduction

As we live on an urbanized planet, we know that the sprawl of cities has damaged
aquatic ecosystems such as rivers, wetlands, lakes, and other ecosystems; additionally,
the loss of biodiversity that has resulted from urban sprawl has affected cities. Therefore,
since it has been demonstrated that human beings require proximity and interaction with
nature in order to maintain a healthy lifestyle, this trend reduces our quality of life since
natural spaces help reduce conditions that have a negative effect on mental health [1],
such as stress [2—4]; this is especially important today due to the consequences of the
COVID-19 pandemic. The confinement that has been caused by the pandemic has worsened
the mental health condition of the population [5,6]. For this reason, access to leisure and
recreation spaces is essential for improving the satisfaction and personal well-being of
residents [7] around the word, and special attention should be paid to natural spaces.
Likewise, the accessibility and integration of open and natural spaces within cities are
crucial aspects that should be considered when discussing sustainable urban planning [8].

In modern cities, a number of new urban developments have not integrated nature
as an essential ecosystemic element for the environmental quality of residential neigh-
borhoods. While urban development has historically attempted to create healthier cities,
such as through the theoretical garden city that was developed by Ebenezer Howard in
1898 [9], which favored greener and more natural designs, which, despite its contribu-
tions to urban planning, has ended up as a very utopian concept for developing cities
because of staggering urban growth and environmentally negative external factors. In fact,
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the application of greener and more natural designs to a real city with a similar residential
fabric and transport structures to that of Howard’s proposed garden city also implies that
these cities are more accessible, with residents being able to walk to open, green spaces,
as opposed to in traditional cities, where one may experience longer travel times [10].
Therefore, one of the largest challenges that is faced by present-day cities that have already
been built and that are undergoing continuous expansion is the fact that they have only
ever included the development of grey infrastructure; this makes it difficult to be able to
achieve eco-friendly urban development and a design that can overcome the lack of access
to open, green spaces; the use of water; traffic due to an increase in motorization; pollution
and CO, emissions; among other things, and this new type of urban development is an
opportunity for sustainability.

One of the current movements in urban planning has been seen through strong gov-
ernment policies to build low-emission eco-cities that allow for the co-existence of nature
and sustainability; these cities are primarily found in China and Japan [11,12]. However,
in cities that have highly organic and uneven growth, such as cities in Latin America, this is
practically impossible. Latin American cities, despite being low in emissions and carbon
footprint compared to European and US cities [13,14], face multiple issues of socioeco-
nomic inequality and deficient environmental conditions along with weak urban planning
and design instruments, such that creating a sustainable city would be an enormous feat.
One possible route is urban development that not only includes green spaces but that also
blue spaces, as one of the critical points of sustainable development is the protection and
integration of nature, especially bodies of water such as wetlands, in residential areas,
as these ecosystems are disappearing.

It is estimated that 4.6% of the Earth’s surface is wetlands [15] (Gardner et al., 2015),
of which around 70% have suffered some type of transformation, degradation, or have
simply disappeared in the last few decades [16,17]. In fact, Latin America is the leader
in terms of wetland loss in recent decades [18], as the role wetlands play in controlling
flooding, water cycles, and their potential as blue—green spaces in the city for leisure and
recreation has been ignored. The rising level of urbanization in Latin American cities has
brought about a sharp loss and the fragmentation of wetlands and has negatively impacted
their ecological value and biodiversity [19,20]. Even in wetlands that are located in cities or
urban wetlands that are classified under the Ramsar conservation system in addition to
losses in surface area the surrounding areas have been urbanized by residential complexes,
as in the case of Pantanos de Villa in Lima, Peru [21]. Coastal wetlands are ecosystems
that provide multiple benefits for cities (i.e., biodiversity, flood control, coastal protection,
carbon sequestration, etc.) [22-24], and understanding all of their functions and current
status is crucial for their protection and conservation [25]. Due to urban and suburban
growth, wetlands have been susceptible to transformations [26] and, to offset the negative
effects of urbanization, they must be incorporated within urban planning [27].

In global sustainability efforts, we are aware of the 17 SDGs (Sustainable Development
Goals), where SDG 11 presents goals for more inclusive, healthier, safer, and more resilient
cities and settlements. However, urban development policies have provided less attention
to the biodiversity and ecosystem services of natural open spaces (such as wetlands) in the
planning of residential neighborhoods and have instead focused more on access to green
areas [20-29] due to their multiple benefits for the urban form and for the health of residents.
In fact, the proximity of residential areas to nature favors health conditions to address
cardiovascular risks [30] and can even reduce mortality rates [31]. Urban designs that
integrate green and blue spaces (blue-green infrastructure), such as flooding parks or
waterfronts, are essential for advancing towards sustainable and healthy cities with more
resilient neighborhoods.

To integrate the blue—green solution, or a strategically planned network with nature-
based solutions that provide ecosystem services [32], it is necessary to first understand how
the urban form of the city operates. That is, it is necessary to delve into the characterization
and planning of residential urban fabrics in order to favor urban development and a
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landscape with more sustainable urban forms. This comprehension needs mathematical
models, or so-called “science of cities”, due to the complex evolution of urban settlements,
and in this way; it is possible to discover opportunities for urban development to allow
for the integration of natural green and blue spaces such as wetlands for more livable
neighborhoods. Urban fabrics are physical expressions of the forms of urban land use,
and these have largely been planned without considering the ecological attributes of
land-use. Urban fabrics also have an impact on mobility, as they are structures that favor
walking, public transportation, or automobile use in city neighborhoods [33]; this translates
into compact and disperse structures, with compact structures being more environmentally
sustainable because of their proximity, and these structures are also better able to mitigate
climate change [34].

For this reason, the present study analyzes the urban fabrics that have been con-
structed over and around water or urban wetland systems to create a new framework
for urban planning, which is usually more focused on permitted land use than landscape
composition and the complexity of cities, in order to strategically strengthen blue—green
infrastructure in residential neighborhoods in a city with a relevant presence of bodies
of water, such as the Metropolitan area of Concepcién (Chile). Concepcién is a city that
has been transitioning to more disperse forms that favor the use of cars [35]. It is also
well-known for its wetlands, and its geographic and geomorphological conditions make it a
suitable home for small lakes and wetlands. Unfortunately, these have been affected by a se-
ries of urban pressures, including backfilling and drying out, meaning that large amount of
surface area and biodiversity have been lost [20-37]. The urban fabrics are detected around
six strategic urban wetlands, which form part of the “La Ruta del Agua” network, a gov-
ernment project aimed at taking actions to value urban wetlands and to increase natural
spaces in the city through new infrastructure. This route is a public policy in planning [38],
so to promote an eco-friendly urban design for sustainability, we propose a characterization
of urban fabrics along with an understanding of the urban patterns through knowledge
of statistical relationships using a spatial regression model (OLS—ordinary least squares)
with the explanatory urban variables of density, distance, population, housing, highways,
green areas, and building permits that have been modeled in GIS. The statistical model
evaluates which urban variables explain the rise in urbanization according to the urban
fabrics over the wetlands. Urban sustainability requires new methodologies to measure
the link between urban planning, ecological design, and engineering in urban environ-
ments [39]. With the results of this research, we can suggest more compact fabrics that
avoid the reduction of urban wetland ecosystem services, such as recreation and resilience,
and discuss the sustained prioritization of the use of cars, which harms the integration of
blue—green infrastructure and the well-being of residents in nearby neighborhoods.

2. Materials and Methods
2.1. Urban Wetlands

The Metropolitan area of Concepcion, an urban settlement in south central Chile,
has 15,775 hectares of wetlands that are associated with an urban limit [40]. Public policy
has prioritized six urban wetlands that make up the “Ruta del Agua” (Water Route):
the Rocuant-Andalién coastal marsh wetland (764 ha) in Talcahuano and part of Penco
(the perimeters of this wetland are being updated by the Chilean government in 2021),
which has the largest surface area; the Vasco de Gama wetland (86 ha) in Hualpén; Paicavi
wetland (23 ha) in Concepcioén; the Los Batros wetland (133 ha) in San Pedro de la Paz;
the Boca Maule wetland (62 ha) in Coronel; and finally, the Colcura wetland (5 ha) in Lota
(Figure 1).



Sustainability 2021, 13, 13745

4 0f 20

¢ ('5 e

Hualpén

i Losbatos D

‘ Concepsidn
|

| sanPediodetapaz i

Symbology / b7 g
—— Administrative divisions ‘."‘ ‘-
i Study area { Buffer 1km} : k: S "

A ; - -
Wetland 4
Built up area / Boca Maule E

L

Coronel
VI

finan

Figure 1. Study area: “La Ruta del Agua”. (A) Rocuant—Andalién marsh; (B) Vasco de Gama; (C)
Paicavi; (D) Los Batros; (E) Boca Maule; (F) Colcura.

These wetlands are located in highly urbanized areas, and in addition to have lost
surface area from the effects of poor urban planning [20], they have also lost biodiver-
sity [36,37] despite the fact that Concepcion’s bodies of water and vegetation have shown
restorative values in an area that is highly prone to disasters [41].

2.2. Urban Fabric

To characterize the urban fabrics surrounding the six wetlands in question according
to expert criteria, the types of urban-residential land-use were determined according
to the Corine Land Cover legend, which classifies the urban fabric as continuous and
discontinuous [42], and through a modification of the prior proposal for the area of study
performed by Rojas, Diaz, and Munizaga [43]. The proposal of the types (Table 1) was
conducted in GIS using the photointerpretation of high-resolution satellite images taken by
the WorldView-2 sensor (0.3 x 0.3 m) from the year 2018. The recognition was conducted
within a walkable buffer of 1 km, from the perimeter of each of the wetlands, and 16 types
of urban fabrics were identified.

2.3. Exploratory Urban Variables

Planners tend to describe urban form in order to increase the urban population
and, consequently, density, but the complexity of cities also implies understanding social,
environmental, and policy factors. Previous work in the study area [37] detected that
the biodiversity of wetlands was affected by urbanization variables. Density negatively
affects plant composition, distance to the road, and the diversity of insects, while planning
areas for the future requires the naturalness of the landscape matrix of urban wetlands to
be determined.
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Table 1. Categories and types of urban fabrics and land uses.

Category of Urban Fabric Type of Urban Fabric

Definition

Example

(1) Medium-density
residential fabric

Urban spaces with artificial
surface area of 50% to 80%,
with a low proportion of
vegetation and bare soil. It is
composed of single-family
homes of up to two stories.

Continuous Urban Fabric

(2) Residential fabric
in blocks
2.1: New
2.2: Old

Urban spaces with artificial
surface area of 50% to 80%,
with large collective housing
high-rise buildings.

Cat 1: Social housing in blocks.
Cat 2: Modern buildings, five
stories and up.

(3) Low-density
residential fabric
3.1: Residential complexes
3.2: Grouped suburban
country plots

Spaces composed of
constructions and green areas,
with individual constructions
of up to two floors plus a loft.

Occupation between 50%
and 80%.

Cat 1: Urbanized areas with
low density, medium-lower
and lower-class homes.
Cat 2: Good infrastructure,
aimed at middle-upper and
upper-class homes.

Discontinuous Urban Fabric

(4) Disperse residential
fabric

Spaces composed of
constructions and green areas,
with isolated individual
constructions of under two
stories, with an occupation
between 15% and 50%. These
may be isolated suburban
country plots or residential
complexes with poor

infrastructure in remote areas.
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Table 1. Cont.

Category of Urban Fabric Type of Urban Fabric Definition Example
Constructions and
infrastructure intended for
(5) Healthcare healthcare: doctors’ offices,
hospitals, etc.
(6) Educational Educational establishment

infrastructure of all kinds.

Services and equipment

(7) Other urban uses
7.1: Church
7.2: Police
7.3: Fire Station
7.4: Other (city, etc.)

Composed of social centers,

neighborhood associations,

churches, fire station, police,
tourist, and cultural areas, etc.

(8) Commercial and
industrial zones

Areas with artificial
infrastructure with no
presence or dominance of
green areas; used for
commerce and industries.
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Table 1. Cont.

Category of Urban Fabric

Type of Urban Fabric

Definition

Example

Green areas and
non-agricultural recreation
areas

(9) Green urban areas

Areas covered in vegetation,
located within urban areas,
such as parks, squares,
cemeteries.

(10) Sports areas

Areas intended for sports
activities, amusement parks,
and recreation and leisure
activities; inside and outside
the urban fabric.

Agricultural and livestock
zones

(11) Agricultural plantations

Areas intended for temporary
or permanent plantations near
urban areas.

(12) Forest plantations

Vegetation cover consisting of
artificial plantations with
human intervention.
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Table 1. Cont.

Category of Urban Fabric Type of Urban Fabric

Definition Example

(13) Forest

Natural areas

Natural areas composed of a

series of native tree species,

with high, medium, and low
density.

(14) Open areas with low
vegetation

Area with low-density and
low-height vegetation, such as
herbs and /or bushes.

(15) Open areas with bare
ground

Spaces without vegetation
cover, composed of bare soil,
sandy areas, dunes, rocky
outcrop, etc.

(16) Coastal wetland areas

Areas of coastal zones with
permanent or temporary
presence of bodies of water,
such as rivers, lakes, canals,
wetlands, etc.

To standardize the statistical analysis of spatial variables, a 250 x 250 m grid was used.
Likewise, nine variables were established; the dependent variable was the predominant
urban fabric by wetland (UF), and there were eight explanatory variables. The variables
were selected based on their importance in terms of the configuration of the city, for example
distance to the coast, distance to the wetland, and existence of urban green areas. On the
other hand, other variables were linked to spatially differentiated territorial planning,
such as distance to highways, building permits accepted by the municipality, population,
and housing density. Each of the variables are defined as follows:
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Social Variables

(1) Urban fabric (UF): The surface area of the urban fabrics was calculated in each cell to
determine the predominant one.

(2) Distance to roads (DR): The main road and highway system of Concepcion was
considered by calculating the distance (m) from each cell.

(3) Population density (PD): The results of the 2017 CENSUS were used by block, calcu-
lating the density of inhabitants per km? for each cell.

(4) Dwelling density (DD): The number of homes per block from the 2017 CENSUS was
considered by calculating the density of homes per km? for each cell.

(5) Street surface (SC): Considers the detail of the Concepcion road and highway system
by calculating the surface area per cell.

Environmental Variables

(6) Distance to coast (DC): Considers the coastal regional border and calculates the
distance (m) from each cell to the closest coastline.

(7) Distance to wetland (DW): The distance (m) of each cell was calculated by considering
the coverage of the wetlands under analysis.

(8) Green urban areas (GA): Considers the nine (9) types of green urban areas by calculat-
ing surface area (m?) by cell.

Policy Variables

(9) Building permits (BP): The number of Concepcion building permits was calculated
between 2010 and 2018 for each cell.

The independent variables according to their level or correlation were integrated into
each of the Regression Models (this tool combines all of the explanatory variables, helping
to determine the model that best explains the dependent variable. In this case, study, Urban
Fabric predominates in each wetland. Variables that achieved high adjusted R? values were
considered) by wetland; therefore, they change according to the wetland undervaluation
so as to identify the most significant interactions in each ecosystem.

2.4. Regression Model (OLS)

To understand the geographical dynamics of urban development behavior around
urban wetlands, the urban variables were used for the statistical analysis. This included
modeling the spatial relationship with Linear Regression Ordinary Least Squares (OLS).
OLS can be represented with the following equation:

Y=PBo+P1X1+P2Xo+...BuXn+e

where 7 is the dependent variable that is intended to be predicted or understood. X corre-
sponds to the independent or explanatory variables used to model or predict the dependent
variable. B are regression coefficients, which represent the strength or type of relationship
that exists between the explanatory variable and the dependent variable, while ¢ represents
the part of the model that cannot explain the dependent variable, known as random error
residuals. In addition, a confidence level of 95% is considered, where a p-value (probability)
of less than 0.05 indicates that the model is statistically significant.

OLS was applied according to the tool available in GIS in order to detect the areas
with the greatest intensification of urbanization and to generate a prediction of the rela-
tionships between the explanatory variables and the dependent variable (predominant
urban fabric for each wetland, see Figure 2). The predominant urban fabric for the cases
of the Rocuant-Andalien, Vasco de Gama and Paicavi, and Boca Maule wetlands is the
medium-density residential fabric. In the case of Los Batros and Colcura, the dependent
variable or predominant urban fabric is the low-density residential fabric.
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Figure 2. Methodological summary.

3. Results
3.1. Urban Fabrics

First, Latin American cities have diverse types of residential fabrics in nearby areas,
making their detection a highly complex task. In the case of the areas surrounding the
Concepcion wetlands, the dominant construction type corresponds to low- and medium-
density fabrics and has a highly heterogeneous distribution, and the distribution of the
fabrics shows that they continue to be less consolidated areas with a large amount of open
land with vegetation to be managed. The distribution of the fabrics and the land uses are
presented in Figure 3.
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Figure 3. Characterization of the urban-natural fabrics of wetlands. (A) Rocuant-Andalién; (B,C)
Vasco de Gama and Paicavi; (D) Los Batros; (E) Boca Maule; (F) Colcura.
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The urban fabrics detected may differ by wetland and are presented in Table 2. The fol-
lowing paragraphs discuss their percentages by considering 100% of the total surface area
of the 1 km buffer:

Table 2. Types of urban fabrics and land uses.

Andalién Paicavi-Vasco de Gama Los Batros Boca Maule Colcura
Urban Fabrics and Urban Land Uses Ha % Ha % Ha % Ha % Ha %
Low-density residential fabric 82 3.5 83 8.3 233 14 1584 15.6 54 8.9
Medium-density 146 62 206 21 59 34 1151 113 9 14
residential fabric
Disperse residential fabric 5 0.2 10 1 55 3.2 10.7 1 0 0
Residential fabric in blocks 2 0.1 63 6.4 22 1.3 4.7 0.5 0 0
Commercial and 140 6 335 34 59 34 648 64 31 52
industrial zones
Open areas with 803 34 96 9.6 272 16 1319 13 37 61
low vegetation
Open areas with bare ground 158 6.8 14 14 65 3.8 1283 126 81 13.4
Sports areas 11 05 29 29 11 0.6 18.2 1.8 2 0.3
Coastal wetlands 748 32 12 1.2 343 20 247.5 24.4 133 22.1
Green urban areas 13 0.5 37 3.8 39 2.3 14.4 14 0 0
Forest 15 0.7 24 2.4 18 1 13.9 14 27 4.6
Agricultural plantations 16 07 0 0 157 9.1 5.7 0.6 0 0
Educational 12 0.5 65 6.5 16 0.9 10.1 1 1 0.2
Forest plantations 184 79 0 0 365 21 89.8 8.9 227 377
Health 1 0 4 0.4 0 0 0.7 0.1 0 0
Other urban uses 1 0 18 1.8 7 0.4 14 0.1 0

A. Rocuant-Andalién: The largest wetland in surface area presents the highest percent-
age of use in open natural areas with low vegetation (34.4%), followed by forest plantations
(7.9%). In the case of artificial lands, the most predominant are residential fabrics with
medium density at 6%, which put pressure on the coastal marsh, followed by commercial
and industrial areas, also with 6%. The low amount of surface area in green urban areas in
these urbanizations must be mentioned, with a low representation of just 0.5%.

B and C. Vasco de Gama and Paicavi: These are marsh wetlands and are perhaps the
most urbanized in the area. These wetlands are dominated by commercial and industrial
areas, with 33.6% coverage, with respect to urban fabrics, and medium-density residential
fabrics represent 21% in these neighborhoods, with 9% in open areas with low vegetation,
and low-density residential fabrics with 8%. These urbanizations show a larger presence of
green urban areas with 37 hectares (ha).

D. Los Batros: Recognized as an area of important biodiversity, it is highly impacted
by forest plantations, with this use being the most relevant at 21.2%, followed by open
areas with low vegetation with 15%. Of the constructed areas, the low-density residential
fabric represents 13% of residential complexes as well as good transport infrastructure for
cars and accessibility to the main urban centers. The northern part of this wetland also has
agricultural plantations (vegetables) with 9.1%.

E. Boca Maule: Artificial lands correspond to 15.6%, and in constructed areas, low-
density residential fabrics have the greatest representation (15.6%), followed by the medium-
density residential fabric (11.3%). In terms of non-constructed spaces, it has open areas
with low vegetation (13%) and bare soil (12.6%).

F. Colcura: This wetland is in a more rural setting and is characterized by one-third
of its surface area being used for forest plantations (37.7%) followed by bare soil (13.4%).
With respect to residential fabrics, they are more dispersed, with the most common being
the low density fabric at 8.9%.
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3.2. Urbanization Process

The results of the statistical models help describe the urbanization processes that these
wetlands have suffered through due to the fact that urban growth directly and indirectly
alters ecosystems and their surroundings, especially when the land use is more artificial.
Specifically, the wetlands in Concepcion have experienced a reduction in surface area and
increased fragmentation and invasion of exotic species, turning natural water landscapes
into fragmented soils [37]. However, the different occupancy types of the construction
models were unknown, and we will explain this according to the urbanization factors that
were evaluated.

This study considers the usual 5% for significance, and the results are presented for
each wetland (Table 3 and Figure 4).

Table 3. Summary of OLS model results for the Concepcion wetlands.

Wetland Rocuant-Andalién
Dependent Variable Medium-Density Residential Fabric No. of Observations 573
Akaike’s Information Criterion (AICc) 4281.46 Adjusted R-Squared (d): 0.574749
Variable Coef(i;l)c tent StdError t-Statistic ~ Probability Robust_SE Robust_t Robust_Pr VIF
Intercept 1.479578 0.603576 2.451355 0.014520 * 0.341604 4.331266 0.000021*  ——————
UF (8)
Commer- —0.077781 0.030034 —2.589762 0.009844 * 0.023914 —3.252481 0.001226 * 1.024641
cial
DW —0.004292 0.001314 —3.266029 0.001171 * 0.001209 —3.551688 0.000428 * 1.098586
PD 0.202241 0.017155 11.788753 0.000000 * 0.065895 3.069135 0.002261 * 2.239917
GA 27.61484 3.163336 8.729656 0.000000 * 8.769027 3.149134 0.001737 * 1.298518
SC 0.01919 0.004671 4.107877 0.000052 * 0.01436 1.336309 0.181994 2.139414
Wetland Vasco de Gama and Paicavi
Dependent Variable Medium-Density Residential Fabric No. of Observations 229
Akaike’s Information Criterion (AICc) 1924.43 Adjusted R-Squared (d): 0.437780
Variable Coeifal)c tent StdError t-Statistic ~ Probability Robust_ SE =~ Robust_t Robust_Pr VIF
Intercept 0.58516 2.185359 0.267764 0.789133 1.801237 0.324866 0.745597  —————-—
DR 0.010105 0.002935 3.442485 0.000700 * 0.002734 3.69566 0.000286 * 1.165158
DW —0.01438 0.003374 —4.261519 0.000034 * 0.003209 —4.480949 0.000014 * 1.105671
PD 0.036331 0.019897 1.825942 0.069199 0.021786 1.667633 0.096802 1.382216
GA —1.423271 1.440658 —0.987931 0.324247 0.782351 —1.819223 0.070222 1.022536
SC 0.062238 0.006427 9.683684 0.000000 * 0.008261 7.533562 0.000000 * 1.332181
Wetland Los Batros
Dependent Variable Low-Density Residential Fabric No. of Observations 357
Akaike’s Information Criterion (AICc) 2829.48 Adjusted R-Squared (d): 0.692092
Variable Coef(i;l)c tent StdError t-Statistic ~ Probability Robust_SE Robust_t Robust_Pr VIF
Intercept —4.416449 2.492263 —1.772064 0.077262 2.204961 —2.00296 0.045948*  ——————
Land use
Agricul- —0.094866 0.036419 —2.604849 0.009578 * 0.02459 —3.857895 0.000145 * 1.113709
tural
DR 0.003053 0.000932 3.276515 0.001170 * 0.00084 3.633749 0.000333 * 1.310147
DW —0.010435 0.002133 —4.891931 0.000002 * 0.002213 —4.714317 0.000005 * 1.142465
DC 0.001445 0.000697 2.072198 0.038971 * 0.000742 1.945934 0.052461 1.060735
BP 1.306881 0.291555 4.48245 0.000012 * 0.450045 2.903889 0.003925 * 1.263293
PD 0.041848 0.017654 2.37042 0.018298 * 0.023473 1.782853 0.075484 1.512545
SC 0.098315 0.005166 19.030168 0.000000 * 0.008312 11.828637 0.000000 * 1.736653
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Table 3. Cont.

Wetland Boca Maule

Dependent variable Medium-Density Residential Fabric No. of Observations 199
Akaike’s Information Criterion (AICc) 1595.38 Adjusted R-Squared (d): 0.619829

Variable Coef(fal)c tent StdError t-Statistic ~ Probability Robust_ SE =~ Robust_t Robust_Pr VIF

Intercept —12.333295 6.249969 —1.973337 0.049888 * 3.99988 —3.083416 0.002356 *  ——————
DR 0.00265 0.001708 1.55107 0.122543 0.001047 2.531566 0.012149 * 2.858122
DC 0.004346 0.002406 1.806327 0.072437 0.002291 1.896477 0.059398 3.539482
BP 0.166251 0.087164 1.907328 0.05797 0.048656 3.416839 0.000784 * 1.197356
DD 0.537628 0.087482 6.145548 0.000000 * 0.12766 4.211402 0.000043 * 2.224324
GA 21.521305 3.578551 6.013972 0.000000 * 5.00599 4.299111 0.000031 * 1.417597
SC 0.019234 0.00684 2.811806 0.005439 * 0.010076 1.908937 0.057761 1.91318
Wetland Colcura

Dependent Variable Low-Density Residential Fabric No. of Observations 120
Akaike’s Information Criterion (AICc) 898.590344 Adjusted R-Squared (d): 0.625410

Variable Coef(fal)c tent StdError t-Statistic ~ Probability Robust_ SE =~ Robust_t Robust_Pr VIF

Intercept —1.478911 1.59619 —0.926526 0.356105 1.327025 —1.114455 0.267404  ——————

DR 0.002968 0.002847 1.042518 0.299352 0.002089 1.420563 0.158157 1.138438
PD 0.321759 0.03921 8.206065 0.000012 * 0.071776 4.482846 0.000020 * 1.352942
GA 4.846815 5.635868 0.859994 0.391573 7.171373 0.675856 0.500487 1.032187
SC 0.048614 0.008622 5.638533 0.000112 * 0.015297 3.178003 0.001911 * 1.520436

* Less than 0.05 is significant.

A. Rocuant-Andalién: In the case of Andalién, type 1 was used (medium-density
residential fabric) as a dependent variable, with five explanatory variables. The model
presented an R? of 0.57, which is fairly optimal, with a significant density of inhabitants
and density of green areas and the highest positive coefficient, indicating that there is
greater probability of an increase in density as the density of green areas also increases.

B and C. Paicavi and Vasco de Gama: The Paicavi and Vasco de Gama urban wetlands
behave similarly, which is why they were evaluated together. Once again, type 1 (medium-
density residential fabric) was the dependent variable, with five explanatory variables,
obtaining an R? of 0.43, which shows an excellent balance. The variable with the greatest
effect is also the density of green areas, which had a negative value this time (—1.42),
showing that when the surroundings are less green and more urbanized, densification
rises, which is also affected by the slightly positive effect of road and highway density.

D. Los Batros: In the case of Los Batros, type 3 was used (low-density residential fabric)
as a dependent variable, with five respective explanatory variables. This included the type
11 urban fabric (agricultural plantations), which represents a large part of the land. It shows
a balanced R? of 0.68, making it the most balanced model, where the positive construction
permit variable has the greatest coefficient of 1.30, explaining why the low-density fabric
increases with construction permits along with road and highway density.

E. Boca Maule: The Boca Maule wetland used type 1 (Medium-density residential
fabric) as a dependent variable and six explanatory variables, obtaining a well-balanced R?
of 0.619, where the density of green areas explains the existence of medium-density fabrics
with a positive coefficient, demonstrating that housing density has a lesser effect.

F. Colcura: In the case of the Colcura wetland, the most rural of the area’s wetlands,
type 3 was used (low-density residential fabric) as the dependent variable, with four ex-
planatory variables. A balanced R? of 0.625 was obtained, explaining 60% variance. In this
case, the density of the green area variable carries the most weight in the model, demonstrat-
ing a positive coefficient (4.8), repeating the relationship found between Rocuant-Andalién
and Boca Maule.
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Figure 4. Geographical distribution of OLS for “Ruta del Agua” Wetlands (The OLS model represents an overall parameter
of the average influence of the explanatory variables on the dependent variable. Figure 4 shows that there are zones with a
greater R?, which means that the variables better explain the behavior of the medium- and low-density urban fabric here,
where a negative R? means that the variables fail to explain such behavior, such as in non-urbanized areas. The proximity of
urbanized areas to the wetlands with a positive R? reflects the zones where these natural spaces face strong pressure from
human activity and must be considered fundamental to the comprehensive planning of blue—green infrastructure). (A)
Rocuant-Andalién; (B,C) Vasco de Gama and Paicavi; (D) Los Batros; (E) Boca Maule; (F) Colcura.

4. Discussion

The growing interest in recovering wetlands in cities is primarily due to the ecosystem
services that they provide, not only for recreational purposes but also as an ally to mitigate
and adapt to climate change, such as through their capacity to capture carbon [22,23].
However, this capacity has decreased in cities due to the degradation that has been suffered
at the hands of urbanization, as in the case of Concepcién. In coastal cities, it is also
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important for coastline protection, especially for protection from coastal erosion that is
caused by extreme events, making it a favorable alternative for restoring and recovering the
waterfront to better defend against disasters. This has been demonstrated internationally,
specifically in coastal US cities such as New York, which are threatened by rising sea levels,
hurricanes, and storms. Given this complexity, one of the interventions has been the devel-
opment of flood parks in wetlands as an essential response to mitigate natural disasters [44],
and this solution is particularly relevant to Chile, which frequently experiences tsunamis
and tidal waves.

The case of urban wetlands is more complex, as inland wetlands have a less natural
environment and require architectural intervention and up-to-date regulations. Given
the capacity to regulate disasters [45], the case of Chile is quite relevant, since despite
being a country with great risk and high vulnerability to climate change, urban wetlands
have not historically been protected from key threats such as the impact of real estate
development, mostly low-density developments, fostered by territorial planning and a
deficient regulatory urban framework [46]. Wetlands in cities have demonstrated an
important role in mitigating extreme events in coastal areas [20], and their regulation
capacity has also been valued by the population [47]. To repair this issue according to
citizen demands, an unprecedented Urban Wetlands Protection Law (2020) was passed
recently to define wetlands and to establish that these must be used rationally under
the criteria of sustainability [48,49]. These criteria offer an opportunity for a new urban
design, urban drainage, infrastructure, and their integration within Chilean cities, and they
certainly cost less than the construction of artificial parks and traditional gray infrastructure
solutions; therefore, they can strengthen future projects that are aimed at nature-based
solutions for these spaces with blue—green infrastructure, for example, green stormwater
infrastructure such as that planned for the city of Portland [50], a city with a similar level
of rainfall to that of Concepcion. In any case, after frequent and severe disasters faced by
Chile, some green infrastructure examples have proliferated, including the Kaukari Park
along the Copiap6 River [51], the mitigation parks in Constituciéon and Dichato [52,53],
among others.

According to the results of this study, the urban wetlands of Concepcién have changed
and have been primarily urbanized with low- and medium-density fabrics. It is important
to pay attention to urban density, which has been shown to have an impact on biodiversity
and the fragmentation of wetlands [37]. Densification is a key explanatory variable that has
also had negative effects on water quality [54], especially in the Rocuant-Andalién wetland
in the Bay of Concepcion [25]. According to the results, the most urbanized wetlands
are Paicavi and Vasco Gama, areas that comprise medium-density family homes and that
have also been densified with transport infrastructure that is meant for cars. Medium
and low densities have been primarily associated with urban models that are less efficient
in terms of sustainability due to the increased distance between homes and main urban
centers, a phenomenon that is called urban sprawl [13]. However, in this case, despite the
evidence on low and medium densification, a good amount of urban wetland surface area
has survived urbanization, as they border open spaces with a greater availability of pasture
lands, mixed forest, and forest plantations, especially in Rocuant-Andalién and Boca Maule.
Regardless of the threats that are caused by urbanization, which certainly have a significant
impact on the hydrological processes in aquatic environments [55], the spatial model has
proven that urbanization with low- and medium-density fabrics are better correlated and
can coexist with open spaces that are used for vegetation, which the urban model can use to
its advantage through the restoration and planning of more natural green areas, hopefully
without failing to consider the pressure of the effect of housing on transport infrastructure,
particularly in Los Batros and Boca Maule.

Therefore, in urbanized environments, to ensure their existence and to recover their
functions to benefit future generations, neighborhoods must be adapted to “eco-friendly”
designs. The actions in each wetland must be distinctive according to the particular
type of urbanization, type of wetlands (palustrine or non—tidal wetlands and marsh),
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and drainage conditions of each case. Thus, maintaining sufficient green areas and ensuring
access is a challenge when planning for growing cities [56]. Green areas that are based on
urban wetlands would provide accessibility to natural, open, green spaces that, in Chilean
cities, have shown greater accessibility without formalization as such [57]. In the case
of China, the city of Beijing developed the “Beijing City Master Planning (2004-2020),”
which incorporates urban wetlands to improve the city’s ecological conditions while also
providing recreational areas [27]. Likewise, studies propose that the design of parks that
incorporate urban wetlands must combine certain basic principles, such as the protection
of these wetlands and the rational use of resources, and that the construction of the
infrastructure must not alter the natural environment. Thus, by maximizing both social
and aesthetic benefits, this provides an alternative to offset the grey infrastructure that is
common in cities [58], along with protecting the biodiversity sought by most visitors to the
Xixi urban wetlands park in China [59].

Likewise, the incorporation of wetlands into the green area systems in urban cities
would also provide great benefits for sustainability, as these spaces can be used for the
treatment of city water, as a wildlife refuge and habitat, for restoration the of endemic plant
species, etc. [60]. In New York, visitors to urban wetland parks valued the feeling of refuge,
its compatibility with the area, and the chance to experience nature [61]. On the other hand,
Du et al. (2019) [62] suggest that incorporating blue—green space into urban planning
would allow for the integration and interaction of ecosystems such as bodies of water,
helping improve the urban thermal environment, increasing permeability, decontaminating
the air, and mitigating urban heat islands.

Considering this evidence, we recommend that for a coastal wetland that is as expan-
sive as Rocuant-Andalién, even with its large vegetation surface area, there needs to be
a protection process to avoid future losses as well as for the restoration of aquatic plants
and the hydrological system that is in accordance with the Urban Wetlands Law and future
conservation actions that are taken by the government. For the sections of highly urbanized
borders that interact with the coast, a blue—green infrastructure is advisable to mitigate
flooding due to tidal swells and tsunamis. For inland wetlands (palustrine), different
actions can be taken according to the density of the urban fabric. In the case of Paicavi and
Vasco de Gama, which have less space for expansion, we recommend an urban intervention
that favors sustainable urban drainage and neighborhood accessibility, similar to in Llan-
quihue, another city in the south of Chile, where a green infrastructure plan was developed
and began with an extensive citizen participation process to define three pillars: Restore,
Inhabit, and Connect. It culminated with the activation of urban wetlands as public and
biodiversity spaces, regulating their accessibility through raised pedestrian bridges to allow
for ecological recovery and hybrid functionality [63]. For wetlands under pressure, such as
Los Batros and Boca Maule, open parks should focus primarily on biodiversity, although
this must be strengthened with mobility plans since the development of infrastructure
has promoted the use of cars and the sustained fragmentation of spaces. In Colcura, as a
more rural and coastal wetland that has expansive vegetation areas, an excellent option
would be to promote the natural assets and interaction with cultural heritage circuits that
already exist in the area. Finally, an even more relevant aspect thanks to the COVID-19
pandemic is that favoring access to natural spaces provides positive benefits for mental
health, wellbeing, and social interaction [64]. In fact, Pouso et al. (2021), determined
that blue—green spaces have had a significant effect on the mental health of the urban
population since contact with nature helps to reduce the negative impacts of confinement
thanks to the intangible benefits and ecosystem services that these spaces provide to cities.

5. Conclusions

This study provides evidence that urban wetlands in the Concepcién metropolitan
area (Chile) are presently disconnected from the predominant urban fabrics, meaning
that the population is unable to enjoy the potential benefits that these natural paces can
provide. However, these benefits may be felt low- and medium-density areas with green
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areas as long as these open vegetative areas are maintained in the environment, though it
is important to mention that the effect of these constructions on water quality has yet to
be studied.

The role played by urban wetlands in the mitigation and reduction of natural disasters,
cultural and ecosystem services, biodiversity, urban drainage, and their aesthetic landscape
qualities, among other things, are fundamental to achieving more sustainable cities. For this
reason, it is essential to integrate these natural spaces within urban planning and city design
through blue—green infrastructure. Blue—green spaces can also offset the effects of climate
change in coastal cities.

These urban wetlands require a conservation and restoration process, along with
investments in blue—green infrastructure to recover the ecological connectivity and inter-
connection of blue—green open spaces with residential fabrics, which would substantially
improve the quality of life of the residents in those areas and their attachment to the
metropolitan area of Concepcidn, for example, by improving and creating access to recre-
ational and leisure spaces, while also promoting sustainable mobility via non-motorized
transport methods that are compatible with the biodiversity of natural spaces to improve
mental health and wellbeing.

Finally, the study contributes to the discussion on urban planning for water bodies in
Chilean cities, especially in intermediate cities which are increasing in density, including
blue and green spaces for people and how to improve sustainability and resilience by
including urban wetlands as a nature-based solution to create water-sensitive cities.
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