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Abstract: Urbanization exerts significant stress on urban river ecosystems, leading to their degrada-
tion and the loss of environmental functions. Several studies have focused on restoring these urban
rivers to enhance environmental quality and contribute to overall city well-being. However, such
restoration efforts encounter economic, environmental, and social challenges. This study proposes a
methodological framework to aid public managers in prioritizing areas for urban river restoration.
The approach integrates the concept of environmental services with urban development opportuni-
ties to address these dual demands. Central to this framework is the introduction of the criticality
index for watershed restoration (CIWR), which categorizes watershed areas based on environmental
quality indicators, using river restoration as a guiding principle. Additionally, legally protected
environmental areas were considered as opportunity layers. This study used geographic information
systems (GIS) to manage and overlay datasets for a case study in the João Mendes Watershed in
Niterói, southeast Brazil, which illustrated the use of the CIWR. By intersecting this framework
with the opportunity layers, priority locations were identified for potential river restoration man-
agement practices. The results indicated that the overall criticality condition of this watershed for
river restoration is low. The study further discusses potential measures for river restoration in the
identified priority areas, underscoring the importance of strategic planning in urban environmental
management. The CIWR proved to be an easily applicable and replicable management decision tool
for comparing watersheds and assessing deficient environmental services, with both numerical and
spatial results. Its use, combined with the “opportunity” layer, enables public managers to define
priority areas for river restoration practices based on clear and objective criteria.

Keywords: river restoration; environmental services; multi-criteria approach; opportunity layer;
criticality index for watershed restoration; João Mendes River Watershed

1. Introduction
1.1. Urbanization and Its Impacts in Urban Rivers

Throughout history, many civilizations have faced challenges in managing and restor-
ing watersheds, leading to significant socio-environmental consequences [1]. Under natural
conditions, rivers perform essential geomorphological, hydrological, and ecological func-
tions, such as water transport and storage, along with sediment transport [2]. However,
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poor land use and occupation practices in a watershed can harm these processes. Urbaniza-
tion encompasses a series of anthropogenic actions that modify the hydrological cycle, the
pattern of surface water runoff, as well as river systems’ responses to the built environment,
resulting in a range of environmental, economic, and social impacts on the territory that
accumulate over time [3].

Watercourses have gradually lost their role as elements in the landscape, becoming
less perceived by the population, and there has been a loss in the potential for water
resource use in cities due to declines in both quality and quantity [4]. Urban rivers have
been particularly harmed by human activities, and the recovery of these ecosystems is now
motivated by several ecological and social factors, such as legal requirements and citizens’
needs for a better quality of life [5].

1.2. The Urban River Restoration Approach and Its Challenges

From a new perspective on urban rivers and streams, which considers the integration
of these natural assets into the urban fabric as spaces with environmental, social, recre-
ational, cultural, and economic potential, river restoration is presented as an attempt to
reverse the degradation of highly modified ecosystems [4]. In this sense, river restoration
practices appear as a great opportunity for the “resurgence” of water in the city, enhanc-
ing the local microclimate by increasing moisture levels and lowering temperatures in
the ecosystem, as well as creating urban green areas combined with leisure and tourism
areas and multifunctional landscapes, which are capable of adding hydrological and hy-
draulic functions to urban structures and public spaces, such as parks and plazas [6]. River
parks can also add environmental functions to the built environment, enabling increases
in urban biodiversity, in order to provide economic viability for the implementation and
maintenance of these areas, and not just as an urban drainage solution [7].

By aligning urban planning with watershed management principles, improvements
in urban infrastructure can be achieved, significantly enhancing urban quality of life
and addressing the negative environmental externalities of urbanization. For this rea-
son, river restoration projects, by leveraging these interconnected benefits, have garnered
growing interest due to their potential to simultaneously restore environment health and
improve well-being [8].

Angelopoulos et al. [9] proposed an integrated project planning framework for restora-
tion projects based on project management techniques. This framework is divided into
four stages:

• Project identification: This stage aims to locate and prioritize reach-scale restoration
projects, in the way that smaller scale projects work with a catchment approach. It is
comprised of a (i) review of the current ecological status of the water body and/or
other aquatic resources; (ii) identification of water body goals and specific objectives;
(iii) identification of regional policy objectives; and (iv) catchment scale planning to
locate and prioritize reach-scale restoration.

• Project formulation: At this stage, the identified projects and their initial estimates
and indicators are further explored, refined, and more thoroughly detailed. It is
comprised of a (i) comparison of ecological status with objectives; (ii) identification
of issues affecting the water body (directly and indirectly) and appropriate actions;
(iii) review and selection of appropriate techniques; (iv) justification of the prioritiza-
tion of restoration projects; (v) monitoring design and definition of key indicators.

• Project implementation: This is the stage of the implementation itself.
• Project monitoring and evaluation: The objective of this stage is to evaluate river

health and assess benefits. It is comprised of (i) monitoring and evaluation; and
(ii) the updating of goals and restoration management actions.

However, to achieve all these stages, river restoration projects face challenges. Restor-
ing rivers is often an expensive and lengthy process [10], especially in areas of heavily
degraded and artificialized rivers with higher added value [11]. In addition to planning
and design costs, some restoration projects may involve, for example, the construction
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costs of relocating or extending dikes, land acquisition costs, bank stabilization costs,
and other construction or investment costs [12]. Land acquisition may also necessitate
complex negotiations with multiple landowners, resulting in adapted or only partially
implemented restoration projects [13]. All these issues demonstrate the importance of pri-
oritizing areas for river restoration management practices. Even if major interventions may
not be feasible, any effort towards river restoration, even partial, can be beneficial to the
urban environment [11].

1.3. Environamental Services as an Ally of Urban River Restoration

Some efforts have been made to try to justify investments in urban river restora-
tion projects [10] and thus convince different stakeholders about their implementation.
Kumar et al. [14] demonstrated the effectiveness of river restoration by considering the
environmental, social, and economic impacts of the project (although, a lack of social
inclusion in participatory processes for long-term water management was emphasized).

Historically, urban planning and watershed management decision-making have often
overlooked the diverse environmental services provided by aquatic and terrestrial ecosys-
tems, leading to missed opportunities for addressing broader urban challenges [15,16].
Environmental services in urban areas can provide numerous benefits, such as supporting
food security, increasing urban resilience, regulating the water flow, reducing surface runoff,
and mitigating urban flooding, as well as community benefits, such as access to green
spaces and recreation. These services also contribute to decreasing the urban heat island
effect and improving air and water quality [17].

In recent years, various studies have been conducted to assess the success of river
restoration projects, considering the implications for the watershed and focusing on impacts
such as flood mitigation and water quality improvement. Vermaat et al. [18] indicated that
human population density influences the provision of environmental services, emphasizing
the relationship between landscape appreciation and flood risk reduction.

Environmental services can effectively engage stakeholders in urban river restoration:
they can enhance the appreciation and comprehension of nature and its conservation and
support justifications for conservation funding. Nonetheless, identifying and demonstrat-
ing environmental services may not be an easy task, due to the difficulty of converting
existing scientific insights on environmental services into actionable strategies and empiri-
cal arguments. This also presents a challenge when determining or prioritizing suitable
management actions or communicating environmental services to the public [19].

The present work investigates new methods for improving urban river management
by recognizing the environmental services they provide, considering the limits on achieving
this objective, especially in an urban environment. A methodological procedure is proposed
to the stage of project identification, in order to assist public managers in making decisions
about the hierarchization of areas for urban river restoration, based on the environmental
services approach, through a set of supporting indicators to measure the environmental
condition of a watershed. In Brazil, river intervention projects often focus on isolated
issues, without adopting a systemic approach that encompasses the entire watershed.
Traditional management alternatives have proven insufficient, frequently exacerbating
impacts, particularly in urban areas [20]. Therefore, the methodology proposed in this
research aims to address a significant gap in urban planning for Brazilian cities. Its dynamic
and adaptable framework allows for replication in new studies by tailoring interpretations
to specific applications in areas with distinct characteristics.

As a case study, this paper presents a cross-evaluation methodology applying a
critically index developed for restoration and spatially explicit planning opportunity layers
to demonstrate how environmental services can be incorporated into urban watershed
management. The case study used an urban watershed in the city of Niterói, in Rio de
Janeiro metropolitan area, Brazil, which was chosen due to its recognition as a national and
international reference for urban sustainability projects. Notably, since the implementation
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of the Parque Orla Piratininga (POP) project, the city has been recognized as a pioneer in
the application of nature-based solutions (NbS) in Brazil [21].

2. Materials and Methods

Improving the ecological condition of a river depends on adopting a holistic per-
spective that considers the management of the watershed as a whole [3]. Therefore, we
considered the watershed as the foundational unit for planning and design, as its ecological
health directly influences the range and quality of environmental services it can provide.

This study sought to demonstrate the conceptual framework and explore ways to
measure and support river restoration projects in urban watersheds, where environmental
services help identify the most suitable areas—with better outcomes—for implement-
ing this type of management practice. The methodological procedures involved three
different stages.

The first stage entailed a literature review to identify the main objectives pursued in
river restoration projects around the world, with an approach centered on the analysis
of these objectives. For this purpose, articles were consulted, as well as manuals about
river restoration techniques developed by river restoration centers in various countries, as
presented in Appendix A. Based on this survey, it was possible to relate river restoration
projects worldwide with environmental services, highlighting the integration of these
concepts and bringing into the discussion aspects that are typically overlooked in decision-
making about the feasibility of investments in environmental projects. Thus, an inference
was made about the category and environmental service identified for each objective found.
Subsequently, based on an analysis of the bibliographic research, a correlation matrix was
created for certain river restoration techniques and their associated environmental services,
based on the Methodological Guide for Implementing Green Infrastructure presented by
the Technological Research Institute of the State of São Paulo (Brazil) [22].

The second stage consisted of identifying representative indicators of environmental
services related to river restoration. Methodologies, criteria, and indicators for river restora-
tion in general were analyzed, as well as indicators of other methodologies that employed
an environmental services approach. After identifying indicators deemed suitable for this
methodology, it was then necessary to establish criteria for classifying the values of these
indicators on a common scale. In order to maintain simplicity and allow a more qualitative
assessment, a scale ranging from high, medium, to low criticality conditions was adopted
for the area assessed for the river restoration. The term “criticality condition” adopted in
the methodology proposed here addresses a general diagnosis of a watershed based on
environmental and social indicators, considering the relevant aspects for the restoration of a
river. It is important to highlight that the environmental and social diagnosis of a watershed
may involve the use of several indicators. However, the focus of this research was the
search for indicators that refer to river restoration, even at the watershed scale. Based on
the overlap of the selected indicators, the criticality index for watershed restoration (CIWR)
was proposed.

To determine priority areas for the application of river restoration techniques, the
third stage was inspired by the “spatial constraints on the selection of reserves” stage of
the systematic conservation planning methodology [23] used to identify priority areas for
conservation and/or restoration. According to this methodology, these priority areas are
defined by considering spatial constraints. These spatial constraints may include (i) the
costs (for example, areas available for commercial uses or infrastructure implementation,
areas with high/low acquisition costs, areas with high/low ongoing costs associated with
management and maintenance); (ii) commitments (areas that must be selected regardless
of their contribution to targets, such as existing reserves); (iii) masks (areas to be excluded
from selection, for example, areas used intensively for agriculture); and (iv) preferences
(areas with preferred characteristics for conservation over others, such as areas with low
human population density). Thus, areas with desirable characteristics that have less spatial
constraints are prioritized by the system over those with more spatial constraints [20]. In
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this way, the classification of priority areas for the application of river restoration techniques
was defined based on an “opportunity” layer, as a spatial constraint, which identifies areas
that are more or less favorable for implementing river restoration management practices.
The “opportunity” layer can be defined in a workshop with experts and should reflect the
reality of each study region.

The proposed set of indicators, discussed further in specific sections, were applied
to the João Mendes watershed in the Oceanic Region of Niterói, southeast Brazil. This
river is the main contributor to the Itaipu Lagoon. Aiming to allocate river restoration
techniques, the study adopted a spatial analysis, using geoprocessing techniques as a tool,
specifically employing the QGIS software. For each selected indicator, a map was created
listing areas with low, medium, and high criticality for management practices aimed at
river restoration, thereby increasing the provision of environmental services through this
practice. By overlaying all maps and the “opportunity layer”, it was possible to identify
priority locations for implementing river restoration techniques.

Using a correlation matrix between environmental services and river restoration
techniques, the method is expected to provide guidance to public managers on which
techniques to use, as well as providing information to garner support from the various
actors involved in the urban context.

In summary, the methodology proposed in this study includes five steps for selecting
areas and river restoration techniques for watersheds, as described below:

1. Understanding river restoration techniques and their associated environmental
services;

2. Assessing the current environmental and social criticality condition of the watershed
under study through indicators;

3. Assessing the current criticality condition of the watershed under study regarding
the environmental services, through indicators and definition of the objectives of the
restoration project considering the most deficient environmental service;

4. Defining priority areas to enhance the provision of environmental services by imple-
menting river restoration techniques;

5. Selecting appropriate river restoration techniques for the watershed.

The schematic diagram presented in Figure 1 illustrates the steps to be followed for
the application of the methodology.
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3. Correlation Matrix Between Environmental Services and River
Restoration Techniques

For the development of a matrix tool for urban river restoration, considering the
potential of river restoration techniques to enhance environmental functions, the following
categories of ecosystem services presented by the Common International Classification
of Ecosystem Services (CICES) [24] were used as a basis: provisioning, regulating, and
cultural. The supporting category was not included in this work, as this classification
aimed to identify final services related to the goods and benefits valued by people, while
the supporting category represents the services that contribute to the production of other
services.

Furthermore, this study adopted the term “environmental services”, as it is understood
to better fit the context of urban river restoration, where human intervention occurs. Thus,
based on the bibliographic analysis conducted, it was possible to consolidate the main
objectives highlighted in river restoration projects practiced worldwide. It was noted that
these objectives can be translated into the terms of environmental services related to the
practice of river restoration.

The primary environmental services associated with urban river restoration were
selected and a correlation matrix tool of these environmental services with the river restora-
tion techniques adopted in various projects around the world was developed to illustrate
the approach. This list of techniques is not exhaustive, as each site has specific characteris-
tics that must be taken into account when choosing the most appropriate river restoration
technique to adopt.

The matrix presented in Table 1 shows the main environmental services related to
river restoration and some examples of associated techniques. This association was divided
into three categories: (i) direct—when the literature on river restoration documented
the technique for a specific purpose, in this case, the environmental service in question;
(ii) indirect—when there was no direct documentation of the purpose (environmental
service) in the literature on river restoration, but the relationship could be inferred (as
described in Table 2); (iii) no relationship was identified, whether direct or indirect. Over
time, and with the development of urban river restoration projects, it is possible that some
items in the matrix where “no relationship was identified” or “an indirect relationship
was identified” may eventually be classified as having a direct relationship with a specific
environmental service. Therefore, this matrix has a dynamic and adaptable character, which
can be updated with new studies.

Table 1. Correlation matrix between river restoration techniques and environmental services.

Categories Regulating Provisioning Cultural

Examples of
River Restoration
Techniques

Environmental
Services

Water
Flow

Mainte-
nance

Sustainable
Flood

Management

Water
Quality

Improvement

Physical
Habitat
Quality

Improvement

Maintenance
of Genetic
Diversity

(Gene
Flow)

Erosive
Pro-

cesses
Control

Fisheries
Enhancement

Source of
Water for
Supply

Aesthetic
Improvements
and Recreation

Creation of green
corridors/revegetation (a) [25] [26,27] [22,25,27–

29], [22,28] [25,26,
30] (b) [31] [22,25,30,32,33]

Expansion of the
channel and riparian

zones
(c) [28,34,35] (d) [28,35] [28] (e) (b) (f)

Channel daylighting [28] [28] (g) [28,36]
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Table 1. Cont.

Categories Regulating Provisioning Cultural

Examples of
River Restoration
Techniques

Environmental
Services

Water
Flow

Mainte-
nance

Sustainable
Flood

Management

Water
Quality

Improvement

Physical
Habitat
Quality

Improvement

Maintenance
of Genetic
Diversity

(Gene
Flow)

Erosive
Pro-

cesses
Control

Fisheries
Enhancement

Source of
Water for
Supply

Aesthetic
Improvements
and Recreation

Removal of concrete
from the riverbed (c) [36] [28,36] [28] (h) [28,30,36]

Creation of wetlands (i) [26,28,37] [22,34–
36,38] [28,30] [28] [33] (f)

Creation of linear parks [34] [26,28,33,38]

Remeandering [35,38] [16,25] [16,35,38] [34] (j) [16] [16]

Removal of barriers [25] [25,32] [16,33] [16,34] [16,25,34,
35], (k)

Removal of
invasive species (l) [22,34] (m) [25] [25]

Creation of aquatic
habitats (addition of

gravel and pieces
of wood)

[39] [39]

Recovery and
protection of springs [22] (n) (n) (o) (o)

Soil bioengineering for
slope stabilization [25,28,36] [36] [22,28,33] [22] [22,29,35,

36] [22] (p) (q)

Legend

A direct association was
identified An indirect association was identified No relation was identified

Table 2. Descriptions of restoration practices and their associated environmental services as summa-
rized in Table 1.

Reference in Table 1 Description of the Indirect Relation Between Restoration Practices and the Environmental Service

(a)

The creation of green corridors involves the protection and/or recovery of vegetation along the river,
thereby increasing the vegetated area of the watershed. The presence of vegetation ensures the

availability of permeable areas, allowing water to infiltrate the soil during rainfall events, contributing to
the recharge of the groundwater table and consequently maintaining river flow during dry periods. At
the same time, it reduces surface runoff from rainwater due to the interception of rainfall by the leaves of
the vegetation, which subsequently aids in sustainable flood management. The presence of vegetation
along the riverbanks also provides shading, reducing water evaporation and helping maintain water

flow, in addition to supporting riparian ecosystems and acting as a filter for sediments, solid waste, and
pollution from the watershed.
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Table 2. Cont.

Reference in Table 1 Description of the Indirect Relation Between Restoration Practices and the Environmental Service

(b)

The vegetation in green corridors/riparian zones supplies organic matter to the aquatic ecosystem
through branches, fruits, and trunks that fall into the river, thus providing nutrients for aquatic biota.

Additionally, this material can create micro-habitat zones for certain species [40], such as fish,
contributing to their reproduction and enhancing fishing opportunities.

(c)

The removal of concrete from riverbeds, along with the widening of the river channel and riparian zones,
increases the permeability of the river and its surroundings, allowing for greater transverse and vertical

connectivity of the river, contributing to the recharge of the groundwater table and maintaining
water flow.

(d) Riparian zones, through their vegetation, contribute to improving water quality by retaining sediments
and filtering nutrients [40].

(e) The roots of vegetation present in the riparian zone help stabilize soil margins, preventing slippage and
sedimentation in the river [40].

(f)
The widening of the channel and riparian zones, as well as the creation of wetlands, increases green areas
in urban environments, creating spaces for walking, contemplation, and public engagement with nature.

They also serve as temporary storage areas for floodwaters.

(g) Channel daylighting allows for public access to the river, creating opportunities for recreational activities
and fishing. It also facilitates the maintenance and hydraulic function of the river.

(h)

The natural dynamics of the river are a function of its flow and sedimentation regimes, which interact
with the physiographic characteristics and vegetation of the landscape [33]. The removal of concrete

from the riverbed allows for the return of natural sedimentation processes, creating a suitable
environment for the development of fish habitats.

(i) Wetlands store large volumes of water. Additionally, they allow water to infiltrate the soil and both
supply and are supplied by groundwater [41]. Thus, they contribute to maintaining river flow.

(j) River meandering results in a decrease in channel gradient [16], helping to mitigate erosive processes
along the riverbed.

(k)

The removal of barriers can lead to either an increase or a decrease in certain environmental services. For
example, there may be cases where barriers represent obsolete and unused man-made structures that act
as obstacles to the proper flow of water. Their removal can alleviate flooding and improve the aesthetic

quality of the river environment. However, there may be instances where barriers are created to
accumulate water for supply during dry periods, to create lakes for recreational activities, or for

hydroelectric power generation, among other purposes. In such cases, this river restoration technique
may negatively impact on environmental services.

(l)
Invasive exotic species can alter the hydrological cycle of the areas they inhabit. Different species may
cause greater water loss through evapotranspiration and hinder replenishment of groundwater [42].

Thus, they can negatively impact the maintenance of water flow in the watershed.

(m)

Invasive exotic species modify natural systems and occupy the space of native species. They cause loss of
biodiversity, alteration of the cycles and natural characteristics of affected ecosystems, and

morphological changes in the natural landscape [42]. Thus, by causing the loss of local biodiversity, they
also contribute to a decrease in genetic diversity.

(n)

The protection and recovery of springs involves measures that prevent, for example, the proximity of
animals and anthropogenic activities, contributing to improvements in water quality. Additionally, the

protection or recovery of surrounding vegetation is also important, as it helps improve the physical
quality of habitats.

(o) Springs can be used for human and animal consumption, as well as for recreation [43].

(p)

The use of soil bioengineering techniques protects the banks of watercourses. This protection prevents
the presence of exposed soils, shielding them from the erosive processes caused by surface runoff from
rainwater and reducing the input of sediments directly into the watercourse, decreasing its turbidity and

contributing to better water quality. In cases where the watercourse is used for water supply, soil
bioengineering techniques indirectly contribute to improving water treatment processes.

(q)

Slope stabilization and soil bioengineering techniques enable the stabilization and restoration of
riverbanks, potentially combining vegetation with inert materials [22], thus enhancing the aesthetic

quality of riverbanks. It is important to note that some scholars on the subject do not consider the use of
bioengineering techniques as measures of river restoration.
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Knowing which environmental services are most deficient in a given mapped area,
it is possible, through consultation of the correlation matrix between river restoration
techniques and environmental services, to identify the group of techniques most suitable
for implementation in the area, taking into account, of course, the available resources. The
identification of the most deficient environmental services in a given study area will be
presented in the following items.

Based on the key environmental services identified, a study of indicators was con-
ducted to assess priority locations for the implementation of river restoration techniques
within a given watershed.

4. Urban River Restoration Indicators and Definition of Priority Areas for Urban River
Management Practices

Based on the correlation matrix presented above for studies on urban river restoration,
the selection of indicators related to the environmental services outlined was carried out
to characterize the criticality condition of watersheds, drawing from a literature review of
studies related to urban river restoration and environmental services.

This work recommends the use of nine indicators. Table 3 presents the indicators, their
references, the methodology for obtaining them, and parameters for classifying criticality.
To classify the values of the indicators on a common scale, a grading system was adopted
that ranges from high, medium, to low criticality, along with a score for each classification:
3 for high, 2 for medium, and 1 for low criticality.

Table 3. Indicators proposed for the implementation of river restoration technique analysis.

Indicator References Methodology for Obtaining Data Criticality Classification

I1 Conservation of springs [22] Percentage of the impermeable area of
the spring’s contribution catchment

Low: <20%; Medium: between
20% and 60%; High: >60%

I2 Riverbed permeability [3,44] Qualitative analysis of the lining of the
banks and the riverbed

Low: Permeable riverbanks and
bottom; Medium: Impermeable
riverbanks and natural bottom;
High: Impermeable riverbanks

and bottom

I3 Surface runoff
generation [3,45,46] Quantitative analysis of the surface

runoff coefficient
Low: <0.3; Medium: between 0.3

and 0.7; High: > 0.7

I4 Surface runoff
accumulation [45,46]

Quantitative analysis of the slope
indicator for drainage proposed

by Miranda (2016)

Low: 0.25; Medium: 0.50 or 0.75;
High: 1

I5 Solid waste [3,44]
Percentage of households where there

is no garbage accumulated in
public spaces

Low: >70; Medium: between 70%
and 30%; High: <30%

I6 Sewage [3,44]

Percentage of sanitary sewage
collection and treatment given by SSCT

= C x T/100, where C is the sewage
collection percentage and T is the

percentage of sanitary
sewage treatment

Low: >70%; Medium: between
70% and 30%; High: <30%

I7 Conservation status of
the banks [3,44]

Quantitative analysis of the banks
indicator given by: B = NOB0.5x

VC0.5/100, where NOB is the
percentage of non-occupied banks and
VC is the percentage of vegetal cover

Low: >0.66; Medium: between
0.66 and 0.33; High: <0.33
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Table 3. Cont.

Indicator References Methodology for Obtaining Data Criticality Classification

I8 Sediment generation [22]

Determination of the erosion
susceptibility of the area through

pedological and slope information and
determination of the potential

classification for sediment generation
through the erosion susceptibility and

soil use and occupation of the area

Low: low sediment generation
potential; Medium: medium

sediment generation potential;
High: high or very high sediment

generation potential

I9 Recreational areas and
number of inhabitants [22]

Mapping of recreational areas and the
areas within 400 m distance from their
limits. The areas within this range are

classified as low priority and the others
are classified according to the number

of inhabitants: more inhabitants
indicates a higher priority

Low: Areas within a 400 m radius
of recreational areas; Medium:

Areas outside a 400 m radius of
recreational areas and with less
than 150 Ihab/ha; High: Areas

outside a 400 m radius of
recreational areas and with more

than 150 Ihab/ha

Criticality index for watershed restoration (CIWR) maps can be generated by combin-
ing the nine indicators described above. The values must be assigned as presented above
for each pixel in every map of each indicator. It is also possible to establish weights for
each indicator by multiplying the value of each pixel by the assigned weight. Thus, the
CIWR is given by Equation (1):

CIWR = p1 × I1 + p2 × I2 + p3 × I3 + p4 × I4 + p5 × I5 + p6 × I6 + p7 × I7 + p8 × I8 + p9 × I9 (1)

where pn is the weight of the nth indicator; and In is the indicator according to Table 3.
The final criticality classification is given as follows: low for 0 ≤ CIWR ≤ 1; medium for
1 ≤ CIWR ≤ 2; and high for 2 ≤ CIWR ≤ 3.

The calculation of the CIWR allows for two different analysis paths, depending on
the interests of the specialists involved in applying the methodology. The first path refers
to assessing the critical condition of different watersheds in a specific area (such as the
boundaries of a municipality, state, or geographic region, for example) to identify one or
more watersheds in the worst condition, where efforts for river restoration are desired.
Thus, it is possible to classify the watersheds based on the CIWR results, which proves to
be a useful management tool. Within this same context, the involved stakeholders may
also choose not to select a specific watershed, but rather to implement measures across
the different watersheds evaluated, according to the critical condition classifications and
the mapped priority areas, as will be explained in the following paragraphs. The second
path that can be followed is when a watershed has already been chosen, based on some
specific interest or other prior studies, and the goal is simply to select priority areas for
river restoration within this specific watershed. In this case, it is necessary to evaluate the
scale of the chosen watershed, the critical condition results, and the priority areas obtained,
which may require dividing the watershed into smaller territorial units. This aspect will be
illustrated in the case study presented next.

The CIWR provides an overview of the conditions of each part of the territory, regard-
ing its environmental and social status. However, urban river restoration faces one of its
main challenges: the availability of land for implementing river restoration techniques,
considering the current land occupation within urban watersheds. Therefore, strategies
must be developed to prioritize areas for river restoration.

On the one hand, areas with a high CIWR are more environmentally degraded and
provide fewer environmental services to the population; thus, implementing river restora-
tion techniques in these areas could improve this critical scenario. However, these areas
tend to present greater obstacles, especially financial and social challenges, as they may
require expropriations and significant investments. On the other hand, areas with a low
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CIWR are already in better environmental health and provide more environmental services
to the population. Nonetheless, they are not densely urbanized, which may facilitate the
application of river restoration techniques. Additionally, these areas should be conserved
to prevent them from becoming areas with medium or high CIWR.

To present a simple and easily applicable methodology, this study does not propose
the use of a cost layer. For defining priority areas for river restoration, it is proposed to
overlay a new layer onto the criticality condition map of the watersheds under study,
referred to as the “opportunity” layer. This layer may vary from case to case, depending on
the characteristics of the watershed being studied and could include, for example, areas
with economic potential for tourism, public domain areas, and legally protected areas,
among others.

Thus, the classification of priority areas for the application of river restoration tech-
niques is provided by the following matrix, as shown in Table 4:

Table 4. Matrix for crossing criticality information and areas of opportunity to determine priority
areas for river restoration.

Criticality Condition/
Location Within the Opportunity Area Outside the Opportunity

Area

Low Medium priority Low priority
Medium High priority Low priority

High High priority Medium priority

5. Definition of the Criticality Condition of Watershed Areas by Environmental Service

The methodology proposed here also allows for mapping the criticality condition of
watersheds in relation to each of the considered environmental services. The calculations
of the criticality condition indicators for each environmental service are shown below
(Equations (2)–(10)) in Table 5, assuming equal weights and simply averaging the indicator
values, as this study focuses on a methodological proposal rather than the definition of the
most appropriate weights. Each indicator for each environmental service was constructed
from the sub-indicators that most influence that environmental service.

Table 5. Criticality condition of watersheds by environmental service.

Environmental Service Equation

Water flow maintenance CS1 = (I1 + I2 + I3)/3 (2)
Sustainable flood management CS2 = (I3 + I4)/2 (3)

Water quality improvement CS3 = (I5 + I6 + I8)/3 (4)
Source of water for supply CS4 = (I1 + I5 + I6 + I8)/4 (5)
Erosive processes control CS5 = I8 (6)

Maintenance of genetic diversity (gene flow) CS6 = I7 (7)
Physical habitat quality improvement CS7 = (I2 + I5 + I6 + I7 + I8)/5 (8)

Fisheries enhancement CS8 = (I5 + I6 + I7 + I8)/4 (9)
Aesthetic improvements and recreation CS9 = (I5 + I6 + I7 + I8 + I9)/5 (10)

6. João Mendes Watershed: A Case Study in Niterói, Southeast Brazil

The municipality of Niterói is located in the State of Rio de Janeiro, southeast Brazil.
It has three major watersheds: the Guanabara Bay Watershed, the Alcântara and Aldeia
Rivers Watershed, and the Oceanic Region Watershed. The Itaipu-Piratininga Lagoon
System is a coastal environment located in the Oceanic Region of Niterói and consists of
two lagoons connected to the sea and interconnected by an artificial channel, the Camboatá
Channel, as shown in Figure 2.

Most rivers and streams in the Oceanic Region of Niterói originate in well-preserved
forest areas. However, in their lower sections, their natural courses have been altered
and channeled due to the intense urbanization that has occurred over the years. This
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urbanization has led to significant settlement along their banks, disregarding their legally
protected environmental buffers [47]. The rapid influx of water drained from the slopes
tends to worsen with the sealing of low-lying areas that are naturally prone to flooding,
causing the rectified rivers and channels to overflow [48]. During the dry season, another
common characteristic among these water bodies is the low flow observed. Additionally, a
significant portion of this flow consists of illegally discharged domestic sewage. Studies
show that the watersheds of the Itaipu Lagoon are the primary contributors to the pollution
of the Itaipu-Piratininga Lagoon System, particularly the João Mendes Watershed, which is
its main contributor [49]. Figure 3 shows the Oceanic Region of Niterói and its watersheds.
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In addition to the degraded state of most water resources in the Oceanic Region of
Niterói, the area has received significant investments in urban infrastructure, which tends
to attract the real estate market and result in increased urban pressure on the region. Thus,
it is urgent to adopt measures to protect the region’s water resources, preventing further
deterioration, which could potentially hinder future restoration efforts.

Considering this situation, the Itaipu-Piratininga Lagoon System Subcommittee pro-
posed the environmental restoration of the region’s rivers, emphasizing the preservation
of wetlands to enable residents and visitors to engage in sustainable development in the
Oceanic Region, while maintaining direct contact with nature. It further specified that
the waters of the rivers can be used for (i) protecting aquatic communities; (ii) enhancing
landscape harmony; (iii) primary contact recreation, at least in the upstream sections, and
secondary contact in other areas; (iv) fishing; (v) providing water for animals without
degrading the legally protected environmental buffers of the rivers; (vi) irrigating gardens,
tree crops, and forage plants [50].

Given the interest of the Itaipu-Piratininga Lagoon System Subcomitte in the restora-
tion of urban rivers of the region and taking into account that the João Mendes River is the
main contributor to the Itaipu Lagoon and also the main contributor to the water pollution
of the Itaipu-Piratininga Lagoon System, as mentioned above, its watershed was chosen as
a case study. This river has a total length of approximately 7.4 km and its watershed covers
an area of about 14 km2 [51]. Figure 4 shows the João Mendes River, its tributaries, and its
watershed, based on data provided by the Municipal Government of Niterói.
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In the upper course of the João Mendes River, there is substantial forest cover and
significant slopes. This area includes an environmentally protected area named Serra da
Tiririca State Park, also displayed in Figure 4. In the middle and lower courses, the river
has fully occupied banks and minimal slopes. In this section of the watershed, urbanization
ranges from sparse to dense as it approaches the main access roads [52]. In addition, along
the lower course, near the Itaipu Lagoon, there is a protected area of the lagoon that remains
undeveloped.

The next section presents how data were processed for obtaining the indicator values
for the João Mendes Watershed.
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7. Data Processing for Obtaining Each Indicator for the João Mendes Watershed

The study of the João Mendes Watershed began with the definition of data regarding
its official boundaries and hydrology, obtained from the Municipal Government of Niterói.
Topographic maps with a contour interval of 0.5 m were also acquired from the municipality.

Using this topography, a digital terrain model (DTM) of the area was generated
through the TIN interpolation tool in QGIS. Subsequently, improbable depressions were
filled from the generated raster file, eliminating discontinuities in the drainage layout.
Based on the processed DTM, the watershed boundary was generated through geopro-
cessing and then adjusted. In the urban area, the official boundary set by the Municipal
Government of Niterói was maintained due to anthropogenic changes in the region. The
final hydrology layout considered in this study was also adapted from that presented by the
Municipal Government of Niterói. In the upper course of the watershed, the watercourses
presented by Galvão [52] from the years 1996 and 1976 were also considered as references.
In the middle and lower courses of the João Mendes River, the hydrology provided by
Municipal Government of Niterói was used, due to macro-drainage works conducted along
certain sections of the river.

The processing of data for obtaining each indicator are described in Table 6:

Table 6. Data processing for obtaining the indicators for João Mendes Watershed.

Indicator Processing of Data for Obtaining the Indicator

I1 Conservation of Springs

Based on the hydrology database generated for this study, potential springs were also
identified—for future confirmation—and their watersheds were delineated using geoprocessing
tools. The classification of permeable and impermeable areas in the study region was obtained
using satellite imagery from the CBERS-4A/WPM Sensor taken in April 2022.

I2 Riverbed Permeability

For the calculation of the permeability indicator of the João Mendes Riverbed, an average width
of 4 m was considered, based on the hydrology database. Analyzing the 2019 orthophoto
provided by the Municipal Government of Niterói, the land covers along the river course were
examined using Street View images, along with several field visits conducted by the authors in
the area.

I3 Surface Runoff Generation The calculation of the surface runoff generation indicator used the land use and occupation
categorization data provided by the Municipal Government of Niterói.

I4 Surface Runoff
Accumulation

The slopes were obtained through geoprocessing using the digital terrain model (DTM) of the
João Mendes River Watershed. Subsequently, the slopes were reclassified according to the
categories presented by Miranda et al. [45].

I5 Solid Waste and I6 Sewage

The study of solid waste and sanitary sewage conditions in the João Mendes Watershed utilized
as a data source the demographic census conducted by the Brazilian Institute of Geography and
Statistics in 2010 [53]. Regarding the treatment of collected sewage, in the neighborhoods located
within the João Mendes Watershed, the sewage is directed to the Itaipu Treatment Station.
Therefore, it was assumed for the calculation of the CTE in this watershed that 100% of the
collected sewage has adequate final disposal.

I7 Conservation Status of
the Banks

The assessment of riverbank conditions in the João Mendes Watershed involved delineating 30 m
wide strips based on the hydrology database. For the calculation of the sub-indicator NOB, an
analysis of riverbank and riverbed occupancy was conducted using the land use and occupation
data provided by the Municipal Government of Niterói. For the calculation of the sub-indicator
VC, the land use classification obtained through geoprocessing using the CBERS-4A/WPM
Sensor satellite image from April 2022 was utilized, considering the categories of dense
vegetation, grass, and urban areas.

I8 Sediment Generation

To determine soil erosion susceptibility in the João Mendes Watershed, the surface slope was
obtained from its DTM, along with the soil classification database from the Brazilian Agricultural
Research Corporation (Embrapa) for the state of Rio de Janeiro. To assess the potential for
sediment generation, the land use and land cover data provided by the Municipal Government of
Niterói were utilized.
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Table 6. Cont.

Indicator Processing of Data for Obtaining the Indicator

I9 Recreational Areas and
Number of Inhabitants

For mapping recreational areas in the João Mendes River Watershed, areas categorized as
“recreation” were obtained from the land use and occupation database of Niterói, as well as park
areas from the municipal squares database provided by the Municipal Government. Additionally,
tourist and cultural heritage areas available on the Municipal Government website were included.
Data on trails from both the Municipal Government of Niterói and the Serra da Tiririca State Park,
as well as from the Wikiloc trail platform, were also utilized. Finally, recreational areas identified
through the analysis of the municipality’s 2019 orthophoto were included, along with others
known to the authors that were not mapped in the mentioned databases. The number of
inhabitants was obtained from the Brazilian Institute of Geography and Statistics database, from
the year 2010 [53].

8. Results

The results are presented in the following items, first considering the CIWR and
the priority areas for river restoration interventions for the João Mendes Watershed as a
whole, then presenting the criticality condition of the watershed from the perspective of
the environmental services.

The same application is then shown for the João Mendes sub-watersheds. This path
was chosen in this case study, given that the restoration of the João Mendes Watershed
is already supported by local actors. Urban watersheds may or may not present homo-
geneous characteristics in their various stretches. When studying watersheds with very
different characteristics, it may be necessary to reevaluate the boundaries of the studies,
as negative results in a certain stretch may be neutralized by positive results in another
specific stretch. As outlined during the description of the methods, the numerical result of
the CIWR for a given watershed can be used as a tool for comparison purposes with other
watersheds, for example, when there is interest in defining which watershed presents the
greatest deficit in environmental services. This can be a criterion for choosing where to
direct investments in further studies, projects, and, finally, in the implementation of river
restoration techniques. However, when a certain watershed has been previously chosen for
intervention, depending on its extent and characteristics, it might be a good alternative to
divide it into sub-watersheds. That is the case of the João Mendes Watershed. Furthermore,
given the practicality of working with GIS tools, it becomes easier to carry out a broader
assessment, that is, to consider a major watershed and, from there, verify the need or not to
analyze the CIWR results of smaller watersheds—as long as the scale of the data utilized is
compatible with the scale of the watersheds under analysis.

8.1. The Criticality Index for Watershed Restoration for the João Mendes Watershed

Figure 5 shows the integrated CIWR map for the João Mendes Watershed. In this
analysis, equal weights were assigned to all nine indicators, each equivalent to 1/9. This
was a straightforward choice aimed merely at testing, without using the option of weighting
to highlight the key local processes, as should be done practically through discussions with
stakeholders, users, and local communities.

The CIWR of the João Mendes Watershed is 0.97. Therefore, it is a watershed with a
low criticality condition according to the river restoration criteria, but it is very close to
the medium criticality condition, which represents a point of attention for this watershed.
If local actors, aiming to improve the environmental and social quality of the Itaipu-
Piratininga Lagoon System, had not yet chosen or did not have enough information to
choose in which watershed river restoration techniques should be best implemented, the
CIWR could be a tool to facilitate this choice, by comparing the results of all watersheds of
the system. That is not the case of the João Mendes Watershed, since the Municipality of
Niterói had already carried out other studies and had identified that this watershed has the
greatest impacts on the water pollution of the system. For this reason, in the next sections,
the CIWR will be applied to the João Mendes sub-watersheds.
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Another possible use for the CIWR would be to compare their values, considering
the same watershed, before and after the application of river restoration measures. This
applicability was not developed here, as it was not the initial objective of the
proposed methodology.

Following on to the next step of the methodology, the opportunity layer was repre-
sented solely by areas protected by law enforcement: the Serra da Tiririca State Park and
the protected riparian zones of the João Mendes River and the Itaipu Lagoon. This choice
implies using these areas as immediate resources already reserved as environmental assets.

Figure 6 presents the single opportunity layer tested for the João Mendes Watershed
in this case study. By overlapping this layer with the CIWR results layer, according to the
criteria indicated on Table 4, the priority areas for urban river restoration were obtained.
These categorized areas are illustrated in Figure 7.

The results show that areas located in the upper portion of the territory have a medium
priority for intervention, although they were mostly classified with a low CIWR, as they
are part of the Serra da Tiririca State Park and represent a significant opportunity for
intervention. The same occurred near the river’s mouth, in the protected area of the
riparian zones of the Itaipu Lagoon.

Additionally, it can be noted that almost the entire protected riparian zone of the main
course of the João Mendes River was classified as high priority for river restoration, as this
watercourse has significant development along its banks. In this case, considering the main
course of the João Mendes River and analyzing only the general results of priority areas
for the application of river restoration techniques, this prioritization may not be effective.
Given this, some alternatives could be adopted to choose areas for applying the river
restoration techniques: (i) defining and using another “opportunities” layer, which takes
into account, for example, the existence of free areas throughout the watershed or even close
to the watercourse; (ii) separately identifying the most deficient environmental services,
as well as the locations in the watershed where they occur, according to the equations
presented in Table 5; (iii) analyzing the CIWR results by sub-watershed, identifying those
in the worst criticality condition.

To maintain the analysis from the perspective of the legally protected areas, in this
case study, it was decided to calculate the CIWR and the most deficient environmental
services by sub-watersheds, as demonstrated below.
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8.2. Criticality Condition of the João Mendes Watershed by Environmental Service

Based on the application of Equations (2)–(10), it was possible to analyze the criticality
condition of the João Mendes Watershed from the perspective of the environmental services.
Figure 8 presents the criticality condition values by environmental service.
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The environmental service with the worst criticality condition in the João Mendes
Watershed was the maintenance of genetic diversity, with a value of 2.24, classified as having
a high criticality condition. This was due to the fact that most sections of the watercourses
in this watershed lack riparian vegetation, and many stretches are paved. Following this,
the environmental services with medium criticality condition were as follows: sustainable
flood management, water quality improvement, erosion control, fisheries enhancement,
and aesthetic and recreational improvements. These results show that when the watershed
was analyzed from the perspective of the environmental services, most of them were
classified as of medium criticality condition.

From these obtained results, management decisions can be made by applying restora-
tion practices in order to improve those environmental services in the worst condition
(those in medium or high criticality conditions). Managers can also make use of these
results to justify to the community actions that are being taken with a view to improving
environmental quality in the city.

8.3. The Criticality Index for Watershed Restoration for the João Mendes Sub-Watersheds

The methodology proposed in this study also enables the application of the CIWR to
smaller areas, such as sub-watersheds. This alternative is useful for further facilitating the
identification of priority areas for river restoration interventions.

Figure 9 shows the division of the João Mendes Watershed into sub-watersheds, while
Figure 10 presents the respective CIWR values for each sub-watershed. According to the
results obtained, the sub-watersheds in the most criticality condition were SW-05 and
SW-09, with values of 1.25 and 1.26, respectively. The sub-watershed in the best criticality
condition was SW-04.

Despite being a small watershed, the João Mendes Watershed presents different
occupation characteristics in its different stretches, as seen in Section 6. The João Mendes
River and its tributaries originate, for the most part, in well-preserved forest areas, such
as the Serra da Tiririca State Park, and the main river flows into the Itaipu Lagoon, where
there is still a preserved green area. This scenario changes in its medium stretches, where
its natural course has been altered and channeled due to the intense urbanization. This
characteristic resulted in a final CIWR for the entire watershed of less than 1, that is, a
watershed with a low criticality condition. But by dividing this into sub-watersheds, it is
possible to better represent the criticality condition of the medium stretches, discounting
the other stretches positive effects, with results that better matched the reality in the urban
areas of the João Mendes Watershed and enabling more assertive river restoration actions.

With the results of the CIWR by sub-watershed, it is possible for managers to make
decisions about the prioritization of areas for restoration practices. In this case, it is
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possible, for example, to hierarchize watersheds for restoration practices, considering
short-, medium-, and long-term watersheds, according to the CIWR value.
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8.4. Criticality Condition of the João Mendes Watershed by Ecosystem Service and by
Sub-Watershed

Delving deeper into the analyses regarding the criticality condition of the João Mendes
watershed, it was possible to calculate the criticality indicators for each environmental
service within each sub-watershed.

Figure 11 shows the criticality condition results of the João Mendes sub-watersheds by
environmental service.
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Regarding the environmental services, the sub-watershed with the highest criticality
condition was SW-05, followed by sub-watersheds SW-06, SW-07, SW-08, and SW-09. More-
over, there were sub-watersheds with a high criticality condition concerning the sustainable
flood management service—specifically SW-05, SW-12, and SW-15—and regarding the
maintenance of genetic diversity service, which included SW-03 and SW-05 to SW-14. The
latter environmental service was the most deficient, with a high criticality condition in
eleven sub-watersheds. The sub-watershed in the best condition was SW-11, followed by
SW-12, with most environmental services classified with a low criticality condition.

8.5. Selection of River Restoration Techniques for Implementation in the Mapped Priority Areas of
the João Mendes Watershed

Considering that the sub-watersheds SW-05, SW-06, SW-07, SW-08, and SW-09 ex-
hibited the poorest conditions in providing environmental services, they were selected
for the next step of the methodology: consulting the correlation matrix between river
restoration techniques and environmental services to identify the most suitable typologies
for implementation in each territory segment according to the deficient environmental
service identified. Figure 12 presents the priority areas mapped for the application of river
restoration techniques in these sub-watersheds.
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In the SW-05 sub-watershed, one of the most deficient environmental services was sus-
tainable flood management. According to the correlation matrix between river restoration
techniques and environmental services (Table 1), some potential techniques that could be
considered for implementation in high-priority areas of this sub-watershed, specifically
along the river course, include the following: the creation of green corridors/revegetation,
channel and riparian zone widening, establishing wetlands, developing a linear park,
river re-meandering, removing barriers and using bioengineering techniques for slope
stabilization. This section of the João Mendes River has almost entirely occupied banks,
although the riverbed remains natural. One possibility for river restoration in this area
would be to prioritize it for expropriation.

The environmental service of maintenance of genetic diversity was the most deficient
service in the SW-05, SW-06, SW-07, SW-08, and SW-09 sub-watersheds, as previously
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shown in Figure 11. In this case, some potential techniques that could be studied for
implementation in high or medium priority areas include the creation of green corri-
dors/revegetation, expansion of the channel and riparian zones, channel daylighting,
removing concrete from the riverbed, establishing wetlands, developing linear parks,
removing barriers, river re-meandering, and using bioengineering for slope stabilization.

The next most deficient environmental service in these five sub-watersheds was water
quality improvement. These sub-watersheds were in areas with high criticality condition
concerning the indicator I-6 Sanitary Sewage. The sub-watershed SW-07 still had part of its
territory classified as medium criticality concerning the indicator I-5 Solid Waste. Some of
the techniques suggested in the correlation matrix between river restoration techniques
and environmental services may help improve this environmental service, such as the
creation of wetlands and green corridors. However, it is essential to adopt actions aimed at
enhancing sanitary sewage collection and solid waste management in these areas.

9. Discussion

Regarding the area studied in this work, despite Niterói having densely urbanized
areas, it still has a significant portion of its territory covered by green spaces, with more
than 50% consisting of protected areas. Thus, even though there are densely occupied
areas and modified river stretches, its watersheds still contain regions with better envi-
ronmental conditions, particularly in the Oceanic Region of Niterói, which remains an
expanding area. In this context, it is crucial to consider future land use in this region over
the medium and long term, given the adverse effects of urbanization on these watersheds.
This is particularly significant for the remaining permeable areas, as such a scenario could
exacerbate the current environmental conditions. Potential consequences include the loss of
vegetation cover, alterations to urban river courses due to the expansion of the urban fabric,
increased surface runoff, and the deterioration of fluvial water quality. The possibility of
dividing the watersheds into sub-watersheds through the methodology proposed here is
a viable strategy for identifying and categorizing areas with poorer environmental and
social conditions.

Urbanization has a series of impacts on watersheds, affecting their physical, biological,
and socio-economic components. As outlined, the social, economic, and environmental im-
pacts are numerous, including the exacerbation of socio-economic inequalities, as reflected
in the distribution of open spaces and recreational areas throughout the watershed, as well
as the availability of urban infrastructure and services; the loss of biodiversity, along with
reduced infiltration and, consequently, a decline in aquifer recharge; the intensification of
the urban heat island effect and diffuse pollution, which in turn result in public health is-
sues, with increased vulnerability of the population to respiratory diseases and waterborne
illnesses; the weakening of local cultural traditions, and, eventually, the displacement of
more vulnerable social groups. Considering the Oceanic Region of Niterói, it was already
known that the João Mendes Watershed exerts a great influence when it comes to the
negative impact of urbanization on the Itaipu-Piratininga Lagoon System, as commented
in Section 6. If previous studies in the area had not existed, one possibility could have
been to work at the level of the watersheds that drain into the Piratininga Lagoon and
Itaipu Lagoon.

In relation to the step of defining priority areas, when comparing it to the Systematic
Conservation Planning Methodology, which inspired the adoption of an “opportunity”
layer, the case study considered environmentally legally protected areas. This layer resem-
bles the spatial constraint of “commitments,” which represents areas that must be selected
regardless of their contribution to the targets, such as existing reserves. For the layer of
environmentally legally protected areas, in the case of the João Mendes Watershed and
its main stream, almost the entire riverine protected strip was classified as high priority
for the implementation of river restoration techniques. This area is not only an existing
reserve, but it actually represents an area with significant contribution to restoring the
environmental health of the river. However, when it comes to urban river restoration, the
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riverine protected strips are often not respected and are densely occupied. An immediate
alternative for defining priority areas in this situation would be to adopt other opportunity
layers, such as urban open spaces, physical environment susceptibility to flooding, urban
retrofit, areas with a low cost of acquisition, etc. The definition of the best or most suitable
opportunity layers to adopt depends on the intrinsic characteristics of each location and
should be selected through consultation with local stakeholders, according to the interests
of the local community. Since this research aimed only to test the initially proposed method-
ology, such a consultation was not conducted, but it is considered a point for improvement
in future studies. A more in-depth study focusing on the opportunity layer definition
could include the overlap of different aspects to build a final opportunity layer, potentially
considering different weights for each aspect.

Nevertheless, it is important to emphasize that legally protected areas should not be
excluded from the analysis of priority areas for river restoration. Non-structural measures,
different from those presented in Table 1 (the correlation matrix between river restoration
techniques and environmental services), could be adopted for more heavily modified
watersheds. Raising environmental awareness in the local community to ensure the success
of the river restoration process and its outcomes should also be adopted.

Structural measures for these areas are also possible. Since many of the areas occupied
along riverbanks—especially due to their informal nature—lack adequate sanitation infras-
tructure, measures to prevent households from discharging sewage directly into the river
could be applied. Indeed, in developing countries, water quality is often a very basic issue
and also correlated with a lack of adequate sanitation, which makes it one of the first river
restoration objectives [32,54].

Considering the lack of resources and the social difficulties involved in expropriations,
structural measures aimed at local scale could also be considered. The Methodological
Guide for Implementing Green Infrastructure presents several examples of green and blue
infrastructure that can be adopted at the building level to improve the environmental
quality of a watershed, such as vertical gardens, green roofs, cisterns, and private green
spaces. Thus, an improvement point for this methodology could be expanding the river
restoration techniques from Table 1 (the correlation matrix between river restoration tech-
niques and environmental services) to the “individual” scale, as Machado et al. [22] did for
selecting locations for green and blue infrastructure implementation, already considering
the environmental services involved.

Regarding the high priority areas defined for river restoration in the João Mendes sub-
watersheds, many of them are located in densely populated areas, requiring expropriations,
which makes restoration practices more challenging to implement. However, by identifying
these areas, it is possible to establish short-, medium-, and long-term measures for river
restoration. Short-term measures can consider the use of the structural measures discussed
above, or other measures can be implemented in priority areas that are already unoccupied,
thus preventing future occupation. For the other areas, planning can be undertaken for the
implementation of medium- to long-term measures, seeking potential sources of funding.

Regarding the medium priority areas, they are mainly located in the headwaters area,
in the upper portion of the watershed. This is an area with good vegetation cover—and
where the Serra da Tiririca State Park was established—and little urbanization. This is
due to the relief of the area, with high slopes, which prevented, even before the State Park,
urban occupation from developing in the area. Because of that, these areas resulted as
medium priority and not high priority for river restoration. Since they are not densely
urbanized, this may facilitate the application of river restoration techniques. Additionally,
these areas should be conserved to prevent them from becoming areas with high CIWR.

In the presentation of the calculation of the CIWR (Equation (1)), the possibility of using
different weights for the indicators was demonstrated. This possibility was not addressed
in this case study, because its purpose was to test the methodology. In developing countries,
many projects involving restoration practices in urban rivers are related to flood control
or sanitation. Considering that these are the primary concerns of stakeholders, greater



Land 2024, 13, 2244 25 of 30

weights can be assigned to indicators related to the environmental service of sustainable
flood management or water quality improvement. The weight assigned to each indicator
in the calculation of the CIWR can be defined through public participation and consulting
experts and professionals involved in governmental management. In the case of the João
Mendes River, as already identified, one of the greatest concerns in the Oceanic Region of
Niterói is the use of the lagoons, and the João Mendes Watershed is the main contributor to
the system pollution. Therefore, it could be feasible to assign a higher weight to indicators
related to the environmental service of water quality improvement.

Finally, it is important to highlight that during the development of this methodology,
some existing references on the topic were consulted. The selected indicators were based
on those presented in those methodologies (as shown in Table 3—indicators proposed for
the implementation of river restoration techniques analysis). The three main innovations
of this methodology compared to others are as follows: (i) the creation of a numerical
index that is also spatially explicit, enabling both quantitative analysis—which can be used
for comparison purposes—and visual analysis, allowing for the identification of priority
areas for river restoration; (ii) the use of environmental services as a tool to convince
stakeholders about the benefits of implementing river restoration; and (iii) the analysis of
river restoration at the watershed level. The methodologies consulted generally addressed
only one or two of these aspects. It is also important to emphasize that these methodologies
had different purposes or were intended for use at different stages of the public policy
process (from agenda-setting to monitoring the implemented policy).

10. Conclusions

This research aimed to develop a simple method for identifying priority areas for river
restoration using geoprocessing tools, which are increasingly being developed with the
advancement of computational technologies. However, the topic itself is very complex
and encompasses a series of related variables, which make final quantification challenging.
Moreover, the development of a method is influenced by professional judgment, to choose
the most relevant indicators and to classify categories and criticality classes. This all
depends on global cultures, terrain, and current restoration practices.

Initially, a literature review was conducted on river restoration worldwide, focusing
on the main objectives, methodologies, criteria, and evaluation indicators for river restora-
tion, as well as indicators for assessing environmental services. This survey enabled the
development of a correlation matrix linking various river restoration techniques with asso-
ciated environmental services. It also allowed for the proposal of representative indicators
for the main environmental services identified in relation to river restoration practices.
Despite the wide variety of indicators found in the literature, the indicators selected for the
methodology proposed here were those considered representative, easily applicable, and
obtainable, as well as spatially representable. Ultimately, the goal is to achieve results that
are easily visualized and understood by the different stakeholders involved in an urban
river restoration process.

It is important to emphasize that the purpose of this methodology is to be used
for initial studies of river restoration, providing a general understanding of the criticality
condition of a watershed, the deficient environmental services, the areas in poorer condition,
and the locations with the highest priority for restoration practices, based on objective
criteria. The consideration of an “economic” criterion for defining priority areas for river
restoration was addressed here through the use of the opportunity layer, which is readily
obtainable. Once the priority areas have been selected and the possible river restoration
techniques for the improvement of environmental services provision in these areas are
known, field research should be conducted to obtain primary data. Considering the
limitations of resources available for the implementation of river restoration projects, when
knowing priority areas for this purpose, the use of this methodology allows better directing
the resources to be invested in the process. This identification process is crucial for allocating
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resources effectively and ensuring that restoration efforts are focused on areas with the
greatest need and potential for impact.

Considering the environmental services, this research emphasized the importance of
considering them in urban river restoration. By linking urban river restoration techniques
with associated environmental services, the study provides a clear rationale for why certain
areas should be prioritized. This approach can be useful to the development of policies that
integrate ecological considerations into urban planning. It also allows clear communication
and collaboration among government agencies, community groups, and other interested
parties, which is essential for successful restoration initiatives.

One recommendation for future studies and research refers to further development
of the criteria for prioritizing areas for river restoration. As stated before, there is an
opportunity to improve this method with the addition of other layers, also consider-
ing a multi-criteria assessment, for example, by measuring the investment cost, the fi-
nancial valuation of the area (before and after interventions), or even the valuation of
environmental services.

Another recommendation is related to the correlation matrix between river restoration
techniques and environmental services. The current framework could be improved by
including new river restoration techniques that encompass a wider range of approaches
for different contexts and restoration objectives. The central idea of the matrix is to con-
nect different environmental services with the most effective river restoration techniques,
allowing managers to identify the most appropriate approaches according to the specific
characteristics of each watershed. Expanding the correlation matrix to include other river
restoration measures could improve the relevance of the methodology, allowing for a more
personalized approach to each watershed.
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Appendix A

Based on a bibliographic review, it was possible to consolidate Table A1, which
highlights the main objectives identified in river restoration projects practiced worldwide.
It was observed that these objectives can be translated into environmental services provided
by the practice of river restoration, as shown in the table. Therefore, for each identified
objective, a category and environmental services were associated.
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Table A1. Environmental services identified in urban river restoration practices.

Urban River Restoration
Objective Reference Location Environmental Service

Category
Associated

Environmental Service

Aesthetic improvements,
landscaping, and

recreation
[26,27,32,33,39]

USA, United Kingdom,
France, Germany,

South Korea, Latin
America

Cultural
Aesthetic

improvements and
recreation

Development of parks and
open spaces [32,55] USA, Spain, Latin

America Cultural
Aesthetic

improvements and
recreation

Fish migration [25–27,33,39]
USA, Sweden, France,

Germany, Iberian
Peninsula, Japan

Provisioning Fisheries enhancement

Regulating Maintenance of genetic
diversity (gene flow)

Improvement of water
quality [26–29,32,35,38]

USA, United Kingdom,
Germany, Spain, China,

Latin America

Regulating Water quality
improvement

Provisioning Source of water supply

Modification of
flow/reduction in flow

velocities
[26,28] USA Regulating

Erosive processes
control

Physical habitat quality
improvement

Regulation/restoration of
hydrological flows [27,39] Germany, France Regulating Water flow

maintenance

Increase in infiltration [28] USA Regulating

Water flow
maintenance

Sustainable flood
management

Improvement of
sedimentation processes [28,39] USA, France

Regulating Sustainable flood
management

Regulating Physical habitat quality
improvement

Restoration and/or
reconnection of floodplains [26,28,36] USA, Netherlands,

China

Regulating Maintenance of genetic
diversity (gene flow)

Regulating Sustainable flood
management

Creation of wetlands [28,35] USA, United Kingdom

Regulating Sustainable flood
management

Regulating Physical habitat quality
improvement

Regulating Water quality
improvement

Reconfiguration of stream
and river channels or

restoration of meanders for
rectified rivers

[25,26,33,35,37,38]

USA, United Kingdom,
Spain, Iberian

Peninsula, Japan,
Australia

Regulating Sustainable flood
management

Regulating Physical habitat quality
improvement

Reduction in nutrient input [30,38,56]
Sweden, Denmark,

Spain
Regulating Water quality

improvement

Provisioning Source of water supply
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Table A1. Cont.

Urban River Restoration
Objective Reference Location Environmental Service

Category
Associated

Environmental Service

Flood management;
Flood control [32,33,35,36]

United Kingdom,
Japan, China,

Latin America
Regulating Sustainable flood

management

Elimination of obsolete
infrastructures/removal

of barriers
[25,35] United Kingdom,

Iberian Peninsula

Regulating Sustainable flood
management

Regulating Maintenance of genetic
diversity (gene flow)

Management of riparian
zones; Management of

riparian vegetation
[26,27,29,35,37,39]

USA, France,
Australia, Germany

Regulating Water quality
improvement

Regulating Physical habitat quality
improvement

Management of
invasive species [25,27,33] Germany, Iberian

Peninsula, Japan Regulating Physical habitat quality
improvement

Improvement of aquatic
habitats or restoration of

wetland habitats
[25,26,37,39] USA, Denmark, Iberian

Peninsula, Australia Regulating Physical habitat quality
improvement

Increase in biodiversity
and connectivity between

habitats
[28] USA Regulating Maintenance of genetic

diversity (gene flow)

Slope stabilization or
protection [26,29,35–37] USA, United Kingdom,

China, Australia

Regulating Physical habitat quality
improvement

Regulating Erosive processes
control

Regulating Sustainable flood
management

Improvement of channel
morphol-

ogy/morphological
changes

[27,35]
United Kingdom,

Germany

Regulating Sustainable flood
management

Regulating Erosive processes
control

Regulating Physical habitat quality
improvement

Dredging [25,33]
Iberian Peninsula,

Japan

Regulating Erosive processes
control

Regulating Sustainable flood
management

Regulating Water flow
maintenance
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