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RESUMO

Atualmente, mais de metade da populacdo global vive em zonas urbanas, prevendo-se que
este numero continue a crescer. A urbanizacéo traz varios desafios ambientais, sendo a gestdo
da 4gua uma delas, particularmente a gestdo da drenagem urbana. A alteracdo da hidrologia
urbana (como o aumento do volume de escoamento superficial e diminuicdo do tempo de
resposta) afeta os ecossistemas urbanos de agua doce, particularmente os ribeiros urbanos.
Esta dissertacdo sublinha a importancia dos ribeiros urbanos para alcancar a sustentabilidade
da gestdo de d4gua urbana, uma vez gue se trata de solucGes azul-verdes, baseadas na natureza,
que fornecem Vvarios servigos de ecossistema importantes a populacdo urbana. Estes servicos
incluem, entre outros, a reducdo do risco de cheias, a regulacdo da temperatura do ar, e a
melhoria do bem-estar dos residentes urbanos. Estes beneficios contribuirdo para alcancar a
sustentabilidade urbana e melhorar a resiliéncia das cidades face ao crescimento urbano e as
alteracdes climaticas.

Tendo em conta que a ecologia dos ribeiros urbanos estd comprometida devido a urbanizacéo,
a restauracao destes sistemas € imperativa. Apresenta-se um artigo de revisao abordando a
restauracdo de ribeiros urbanos, nomeadamente a razdo pela qual alguns projetos de
restauracdo falham, e como garantir o sucesso de tais esfor¢cos. As comunidades de
macroinvertebrados bentdnicos revelam o estado ecoldgico de um ecossistema fluvial, e
portanto, medidas que melhorem a diversidade destes conjuntos irdo, inerentemente, melhorar
0 ecossistema global e, consequentemente, a sua funcdo e servicos de ecossistema.
Essencialmente, para garantir o sucesso dos projetos de restauracdo de ribeiros urbanos, todo
0 contexto ecoldgico do sistema de ribeiros deve ser avaliado, incluindo interagdes bioldgicas,
a morfologia, hidrologia, estado da bacia urbana, qualidade da &gua, fontes de poluicdo, e
utilizacdo do territério. Considerando o enquadramento do projeto, as medidas de restauracao
devem ser priorizadas de acordo com as necessidades dos ecossistemas.

Palavras-chave: urbanizagdo, ribeiros urbanos, gestdo de agua urbana, drenagem pluvial
urbana, comunidades de invertebrados aquaticos
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ABSTRACT

Currently, over half of the global population lives on urban areas, and this number is expected
to continue growing. Urbanisation brings several environmental issues, water management
being one of them, particularly stormwater management. The alteration of urban hydrology
such as the increase of flashiness and runoff volume affects urban freshwater ecosystems,
particularly urban streams. This dissertation highlights the importance of urban streams for
achieving sustainable urban water management, since they are blue-green nature-based-
solutions that provide several important ecosystem services to the urban population. Such
services include, amongst others, the diminishing of flood risk, temperature regulation, and
human wellbeing improvement. These benefits will contribute to achieving urban
sustainability and improve the resilience of cities in face of urban growth and climate change.
Considering how the ecology of urban streams is compromised due to urbanisation, the
restoration of such systems is imperative. A review paper is introduced regarding urban
stream restoration, namely why some restoration projects fail and how to successfully carry
out such efforts. The communities of benthic macroinvertebrates expose the ecological state
of a stream ecosystem, and thus implementing measures that improve the diversity of such
assemblages will inherently improve the overall ecosystem and consequently, its function and
ecosystem services. Essentially, to guarantee the success of urban stream restoration projects,
the whole ecological context of the urban stream system needs to be assessed, including
biologic interactions, morphology, hydrology, state of the watershed, water quality, sources of
pollution, and land use. Once the context of the project is thoroughly understood, actions need
to be prioritised according to the needs of the ecosystems.

Keywords: urbanisation, urban streams, urban stormwater management, urban drainage,
aquatic invertebrate communities
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1 GENERAL INTRODUCTION

The urban era is upon us (Anderson et al., 2013; Ljungkvist et al., 2010; Montgomery, 2008;
Seto et al., 2010). Currently, more than half of the global population lives in urban areas, and
this trend is only expected to persist. In 1950, thirty per cent of the world’s population was
urban. By 2050, it is projected to reach sixty-eight per cent (United Nations, 2018).

Following the same trend as urban development, the current world population of 7.7 billion is
anticipated to reach almost 10 billion by 2050 (United Nations, 2019). Populational growth
calls for cultural and economic development, which in turn, translates into urban growth and
ultimately, urbanisation (Dey et al., 2010; Tandon & Jyotsna, 2016). Metropolitan growth
brings about several environmental problems, at several different scales, including
atmospheric pollution, degradation of water quality, disturbance of hydrologic patterns,
contribution to climate change, the heat island effect, loss of biodiversity, and overall
disruption of local to global biogeochemical cycles (Grimm et al., 2008). Such environmental
issues impose a threat not only to the environment, but also to human health, thus making
urban sustainability a challenge to be tackled through environmentally sound territorial
planning (United Nations, 2017).

This dissertation focuses on urban streams as ecosystems that provide services, as blue-green
nature-based solutions, for the current challenge of urban sustainability. Urban streams are
running-water ecosystems highly influenced by urban land-use, whether it be urban,
suburban, or exurban development. Urban land use affects them through the occupation of
ecosystem areas, causing profound alterations to their morphology, hydrology, and water
quality due to the runoff from impervious areas such as roads, buildings, and parking lots
(Booth et al., 2016; Ferreira et al., 2016).

However, restoring urban stream ecosystems can positively promote the sustainability of
cities. In the context of the 2030 Agenda for Sustainable Development of the United Nations,
urban streams contribute to the 11" goal of sustainable urbanisation, protecting the world’s
cultural and natural heritage, mitigating the effects and adapting cities to climate change,
increasing their resilience to natural disasters (such as floods), and providing access to green
public spaces (United Nations, 2015). Urban streams also contribute to several other goals
with the preservation of aquatic and terrestrial biodiversity, climate action, sustainable
management of water and sanitation, and with human health and well-being.

With the European Water Framework Directive (WFD), the European Parliament and the
Council of the European Union adopted in 2000 a regulatory framework for measures in the
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field of water policy, making the WFD the key management imperative in watersheds across
Europe. Achieving a good ecological and chemical status for all European surface waters by
2015 was one of the goals of the WFD, which has now been postponed to 2027. This status is
defined by a near-natural biological assemblage of aquatic flora, benthic invertebrate and fish
fauna as well as specific pollutants, hydromorphological, chemical and physico-chemical
components as expected in conditions of minimal anthropogenic changes and disturbances
(Booth et al., 2016; Brettschneider et al., 2019; European Commission, 2000; Reyjol et al.,
2014). This mission required the restoration of all aquatic habitats to good ecological quality,
including urban streams (Moss, 2018).

1.1 Aims & Objectives

Ecohydrology is an integrated strategy for watershed management that implements the
combined approach of hydrology and ecology, concepts that would traditionally be viewed as
individual and exclusive from one another. This emerging paradigm suggests that, in order to
conserve water resources, natural processes such as water and nutrient circulation, and energy
flow, at the basin scale, must be preserved through the interplay between biota and hydrology.
That is, taking advantage of how to regulate the biological processes of the basin using
hydrology, and vice-versa, how to use ecosystem properties as water management tools
(Ashley et al., 2013; Fletcher et al., 2015; Wassen & Grootjans, 1996; Wolanski et al., 2004;
Zalewski, 2006).

In spite of the many publications regarding streams restoration, many of these projects still
fail to successfully recover biological components of the ecosystem and its functionality, due
to the inadequacy of measures towards existing problems (Beechie et al., 2008; Palmer et al.,
2005, 2014). In view of this, the present thesis reviewed the existing literature with the
following main objectives: 1) determine the effects of hydromorphological alterations in
biological communities; 2) establish the most important restoration measures to recover urban
stream ecosystems. Achieving these objectives will contribute to sustainable urban
development by providing urban water management with an integrated ecohydrology
perspective on urban streams.

1.2 Structure

The structure of this dissertation is composed of a contextualisation chapter (chapter 2), which
will address the fundamental concepts of urban water management and the components of a
freshwater aquatic ecosystem, which are crucial for the understanding of ecohydrology and
stream restoration. The following chapter (chapter 3) is a review paper focused on urban
stream restoration, particularly hydromorphological measures, and its effects on benthic
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macroinvertebrate assemblages, since aquatic invertebrates are a key component of freshwater
ecosystems and a bioindicator used worldwide in the ecological assessment of rivers (Kenney
et al., 2009). Finally, chapter 4 contains the general conclusions and main insights relevant for
urban stream management extracted from this thesis, followed by aspects deemed for future
research.
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2 CONTEXTUALISATION ON URBAN WATER MANAGEMENT AND
AQUATIC ECOSYSTEMS

2.1 Urban Water Management

Urban water management encompasses the planning, design and operation processes that
secure the supply of potable water, sanitation, drainage of stormwater runoff, recreational
parks, and the maintenance of urban ecosystems. Urban drainage currently faces two
demanding challenges: urban growth, and climate change (Oral et al., 2020).

A brief analysis on the background of urban drainage management shows that early
stormwater paradigms mainly focused on keeping water out of the way and preventing
flooding by digging ditches and culverts. This, eventually, shifted to combined sewer pipes,
and later on, separate stormwater pipes. Thus, the modern urban drainage infrastructure was
born: a drainage system which purpose was to collect stormwater and lead it, through pipes,
to the nearest receiving body of water (Debo, 2003; Oral et al., 2020). Thus, stormwater is
efficiently and quickly removed from urban areas (Ashley et al., 2013). Despite this paradigm
being efficient in its function, it becomes unsustainable in light of urban growth and climate
change.

Urban growth, as previously stated, alters the natural land cover of the earth, replacing natural
surfaces with impervious materials. These impervious areas prevent stormwater from
infiltrating or being retained, thus increasing superficial runoff volume and peak flows, as
shown in Figure 2.1 (Chadwick et al., 2006; Ferreira et al., 2016; Konrad & Booth, 2002,
2005; Paul & Meyer, 2001; Walsh et al., 2004). The focus on urban flooding has redoubled
due to the increase in frequency and magnitude of pluvial events resulting of climate change
(Haghighatafshar et al., 2019). Volatile rainfall patterns and an increasing number of extreme
events can lead to the overload of drainage systems and consequent flooding. In light of such
extreme events, conventional drainage systems become utterly unsustainable. When these
flood events are followed by long drying periods, it forces cities into resorting to additional
demand for irrigation water for urban green areas, due to the lack of stored rainwater (Oral et
al., 2020).
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Figure 2.1- lllustration of the water cycle in a natural forested setting versus an urbanised
watershed with conventional stormwater drainage. The size of the arrows indicates qualitative
water volumes in relation to each other. O- overland flow (or superficial runoff that is drained
through pipes); S- subsurface flow through permeable topsoil; P- percolation; G- groundwater
flow. Source: Walsh et al. (2004).

In light of the mentioned challenges, it is imperative to enhance the resilience of cities
towards climate change, whilst maintaining functionality of the existing infrastructure
(Haghighatafshar et al., 2019; Oral et al., 2020). Blue-green infrastructure is a valuable tool
for achieving this, since not only does it enhance resilience, but also provides several other
benefits. Urban blue-green infrastructure is a network of natured-based features located in the
midst of the urban landscape. The concept of “blue-green infrastructure” can be considered as
a “nature based solution” (Baravikova, 2020), and therefore both terms are used
interchangeably in this text. These features are based on either vegetation, water, or both.
Examples of blue-green infrastructure are green roofs and walls, grassed areas, trees, parks,
rain gardens, swales, rivers and ponds (K. Brown & Mijic, 2020). The implementation of this
strategy has also been driven by other pressing challenges that cities face, such as water
quality standards, water security, and ecosystem degradation (Liao et al., 2017). Nature based
solutions allow imitating natural hydrologic patterns by infiltrating stormwater, detaining
runoff close to its source, and evapotranspiration performed by the vegetation (Oral et al.,
2020). Unlike the single-functioned grey infrastructure that makes up conventional drainage
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systems, blue-green infrastructure yields several benefits other than efficient stormwater
management (Ashley et al., 2013; Liao et al., 2017).

The current paradigm concerning urban water management has evolved, just as priorities have
too (Figure 2.2). New philosophies in water management recognise the value of blue-green
infrastructure, acknowledging it crucial for meeting the challenges that come with urban
growth and climate change (Ashley et al., 2013). The following concepts are examples of
new, more integrated, approaches to overall water management and, more specifically,
stormwater drainage. These are fairly similar and emerged roughly at the same time in
different parts of the world (Fletcher et al., 2015):

Water Sensitive Urban Drainage (WSUD)- originated in Australia, WSUD is a
philosophy that aims to minimise the hydrologic impacts of urbanisation. It targets the
protection and enhancement of natural water bodies by filtering stormwater with
multiple-use corridors, maximising visual and recreational amenities (Figure 2.3). It also
pursues the reduction of runoff volume and peak flows by incorporating local detention
measures and minimising impervious areas.

Low Impact Development (LID)- most commonly used in North America and New
Zealand, this approach aims to minimise the cost of stormwater management by
designing drainage systems with natural components. It aims to achieve natural
hydrologic patterns by employing small-scale stormwater treatment devices, such as
bioretention systems, green roofs, and swales.

Sustainable Urban Drainage Systems (SUDS)- practised in the United Kingdom, SUDS
are an approach to stormwater management based on the concept of replicating (as much
as possible) natural, pre-development drainage (Figure 2.4). SUDS are characterised by
a multi-element train approach, which consists of a sequence of stormwater practices and
technologies (SCMs- stormwater control measures). Taken together, the several small-
scale SCMs that make up the SUDS management train can attain the goal of replicating
natural drainage, reducing ultimate runoff volume (Haghighatafshar et al., 2019).
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Figure 2.2- Development of urban water management priorities throughout history. Source:
Oral et al. (2020).

Figure 2.3- Examples of stormwater control measures. (A) bioretention swales- comprised of
a filter medium and vegetation, they convey, filter, detain, and even remove nitrogen and
other fine particulate contaminants through biological uptake. Source: NACTO (2017). (B)
vegetated swales- similar to bioretention swales, with the difference of lacking a filtering
medium, and thus not as efficient (Melbourne Water, 2013). Source: Lucke et al. (2014).
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Figure 2.4- Illustration demonstrating the implementation of SUDS, replicating natural
pre-development drainage as much as possible. Source: Thames21@ (2020).

All these new approaches ultimately share the same broad principles: (i) mitigating the
alteration of hydrologic patterns, due to urbanisation, and aiming to replicate the natural, pre-
development, flow regime as much as possible; and (ii) improving the quality of the water
that is finally discharged onto the receiving wastewater treatment system (Fletcher et al.,
2015). These emerging paradigms concerning stormwater management are all tools for
integrated urban water management (IUWM). This concept encompasses all the
environmental, economic, social, technical, and political aspects of urban water management.
IUWM provides a framework for planning, designing, and managing all urban water systems
(supply, drainage, and wastewater treatment). It undertakes the optimisation of water
resources management, considering alternative opportunities, and the protection of urban
ecosystems. Integrated urban water management is a crucial step towards attaining the
ultimate goal of sustainable urban development (Fletcher et al., 2015; Furlong et al., 2017;
Oral et al., 2020).

Nature-based solutions, such as blue-green infrastructure, not only are efficient tools for
IUWM but also provide additional amenities and ecosystem services. Urban streams prove to
be a valuable NBS because of the numerous benefits they provide to the urban population, as
well as their contribution towards sustainability.

According to the Millennium Ecosystem Assessment, ecosystem services are defined as the
benefits people obtain from ecosystems. This definition comprises both the “goods” and
“services” that ecosystems yield, that is, tangible (such as food, fuels, raw materials) and
intangible (for instance, waste assimilation and air purification) benefits (Millennium
Ecosystem Assessment, 2003). The different benefits people can obtain from ecosystems are
categorised in four groups: regulating, supporting, cultural, and provisioning services.

Urban streams provide the following ecosystem services (summarized in Table 2.1):
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1. Regulating services

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

Reduce pluvial flood risk- vegetation can intercept, retain, and release water through
evapotranspiration while its underlying soil acts as a sponge by infiltrating and
storing water until it percolates. Floodplains and riparian zones manage to slow water
flow from land to freshwater body, reducing flood frequency and magnitude (Alves et
al., 2019; Bolund & Hunhammar, 1999; De Vleeschauwer et al., 2014; Goémez-
Baggethun et al., 2013; Palmer & Richardson, 2009; Sérensen & Emilsson, 2019;
Voskamp & Van de Ven, 2015).

Urban temperature regulation- the urban heat island phenomenon is caused due to
urban landscape: dark, impervious materials and canyon effect of buildings and
pavement that retain heat. Bodies of water will regulate temperature deviations both
during summer and winter (Bolund & Hunhammar, 1999; Palmer & Richardson,
2009). Riparian vegetation, besides shading, can lower urban temperature through
evapotranspiration. These services improve thermal comfort, reduce heatwaves and
energy usage in buildings. An additional benefit of this service is the reduction of the
inversion phenomena, which leads to better air quality (Antoszewski et al., 2020;
Maksimovi¢ et al., 2015).

Improved air quality- riparian vegetation filters pollutants such as particulate
matter, nitrogenous compounds and sulphur oxides originated by transport in urban
zones, therefore improving public health (Maksimovi¢ et al., 2015; Oral et al., 2020;
World Health Organization, 2017).

Noise reduction- soil and vegetation can attenuate noise pollution through
absorption, deviation, reflection, and refraction (Gomez-Baggethun et al., 2013; Oral
et al., 2020)

Water purification- streams can retain, store, and remove excess nutrients and
decompose organic matter. Riparian plants and microorganisms can also biologically
process excess sediments, heavy metals, and other contaminants in the water (Alves
etal., 2019; loja et al., 2018; Palmer & Richardson, 2009).

Global climate regulation- riparian vegetation and aquatic plants and algae have the
ability to sequester and store carbon from atmospheric carbon dioxide, reducing the
concentration of this greenhouse gas and thus contributing to the global climate
regulation (GOmez-Baggethun et al., 2013; Ioja et al., 2018; Palmer & Richardson,
2009; Voskamp & Van de Ven, 2015).

2. Supporting services

2.1.

Habitat for biodiversity- urban streams provide habitat for numerous aquatic and
terrestrial species from a wide variety of biological groups, including aquatic and
terrestrial invertebrates, fish, algae, plants, amphibians, reptiles, and birds (Dodds &
Whiles, 2010; Feio & Ferreira, 2019; Wetzel, 2001).
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Urban biodiversity can be defined as the number of organisms (animals and plants) that live
within an urbanised area; the evenness of their distribution; their functional traits and the
interactions with each other and their surroundings (Hooper et al., 2005; Nilon, 2011). The
term ecosystem functionality refers to the properties and processes that occur within an
ecosystem that depend on its biodiversity (Hooper et al., 2005; Jax, 2005).

Biodiversity, in an urban context, is important due to both instrumental and non-instrumental
values. Instrumental values are the anthropogenic benefits that humans vyield from
biodiversity, such as economic benefits from resource conservation; supporting life on earth
and human welfare; spiritual and/or aesthetic satisfaction. Non-instrumental values,
opposingly, are independent from human benefit, regarding biodiversity as important by its
own sake (Gaia & John Jones, 2017)

3. Cultural services

3.1. Aesthetic and health benefits- the mere existence of urban blue-green spaces is
believed to reduce stress and improve physical and mental health, leading to higher
quality of life and therefore increased productivity (Bolund & Hunhammar, 1999;
Goldenberg et al., 2018; Gomez-Baggethun et al., 2013; Nutsford et al., 2016).

3.2. Cognitive development and education- contact with nature helps youngsters
develop environmental awareness, a sense of responsibility towards it, and
recognition of ecosystem services (Gomez-Baggethun et al., 2013; Nilon, 2011).

3.3. Social cohesion- neighbourhood blue-green spaces are considered valuable and
attractive. If surroundings are pleasant, more people will choose to stroll outside,
meet, and socialise, developing stronger social cohesion and reduced criminality
(Maksimovic¢ et al., 2015).

4. Provisioning services

4.1. Water supply- urban streams can provide water for residential, commercial and
urban use, as well as irrigation supply for agriculture (Palmer & Richardson, 2009).

4.2. Food supply- streams and rivers can supply freshwater fish, crayfish, and molluscs,
as well as herbs for medicinal or culinary practices (Harrison et al., 2010).
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Table 2.1- Summary of the ecosystem services that urban streams yield.

Urban Streams Ecosystem Services

Urban temperature regulation
Reduced flood risk

Improved air quality

Noise reduction

Water purification

Global climate regulation

Regulating Services

Supporting Services Habitat for biodiversity

Aesthetic and health benefits
Cultural Services Cognitive development and education
Social cohesion

Providing Services Water supply

2.2 Streams as Freshwater Aquatic Ecosystems

From an ecology point of view, streams are ecosystems composed of morphological and
hydrological characteristics that interplay with a variety of biological elements, which
together perform the ecosystem functionality that sustains its habitat and biological
communities (Hooper et al., 2005; Jax, 2005). A river or stream is constituted by its
watershed (which is the geographical area that drains water from rainfall into the streamflow),
the riparian zone, the channel, streambank, and in-stream structures (organic, like woody
debris, or inorganic, such as sediments and rocks; Moss, 2018).

The riparian zone is an ecotone composed of dense vegetation with high affinity to water,
between aquatic and terrestrial systems, located on both sides of the channel (Figure 2.5). The
riparian vegetation includes trees, shrubs, ferns, and bryophytes (liverworts, hornworts, and
mosses). This area can be inhabited by terrestrial invertebrates, birds, amphibious, reptiles,
and semi-aquatic mammals. Many invertebrates are insects that only remain aquatic whilst
juveniles, shifting to the riparian zone or a more distant terrestrial habitat once adults (Moss,
2018).

The riparian vegetation is the main source of energy to stream ecosystems, due to the input of
allochthonous organic matter. This matter includes leaf litter, branches, twigs, and even large
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tree trunks. These components are considered allochthonous production since they are
produced externally to the stream. They are primarily consumed by decomposers such as
bacteria, fungi, and benthic invertebrates (Moss, 2018). Woody debris, apart from being a
source of fine detritus, is also responsible for creating habitat for aquatic organisms, and
retaining materials that would otherwise be washed downstream, like leaves for instance
(Melillo et al., 1983).

The riparian corridor also provides canopy cover, which controls shading and therefore,
primary production through photosynthesis and consequential algal growth (da Silva
Gongalves et al., 2018; Moss, 2018). The riparian zone also ensures connectivity of the
aquatic ecosystem with adjacent areas (Tabacchi et al., 1998). Additionally, the riparian forest
provides stability to the streambank and protection against erosion. It also proves to be an
important biological buffer against pollutants and nutrients resulting of nonpoint-source
pollution (Aguiar et. al., 2019).

At
e

Riparianzone | Aquaticzone Riparian zone Uplands
Figure 2.5- Illustration of the riparian zone and other components that compose a stream

ecosystem. Source: SLCo@ (2020).

The flora associated to freshwater ecosystems can be structured in specific communities
according to the characteristics of the aquatic environment. Strictly aquatic vegetation
includes macrophytes, which can be emergent (rooted to the streambed but leaves extend out
of the water), submergent (live completely underwater and can be rooted or not), floating
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(leaves float on the water surface and may be rooted to the substrate or not) and algae
(Wetzel, 2001).

Algae are the base of trophic webs and biogeochemical cycles in aquatic ecosystems. The
majority of algae are strictly aquatic, thriving along the water column and colonising all types
of substrate (such as rocks, boulders, and sediments). The most common algae in running
waters are Chlorophyta (green algae) and Bacillariophyceae (diatoms), as well as
Cyanobacteria (blue algae), and, generally less abundant, Rhodophyta (red algae). These are
primary producers, constituting an important source of food for primary consumers. By
performing photosynthesis, they intake inorganic nutrients from the water, transforming them
into organic compounds by accumulating them in their biomass and thus regulating the
presence of such nutrients in the aquatic environment. Algae depend on light and nutrient
availability, as well as the velocity of the current (S. F. P. Almeida et. al., 2019; Wetzel,
2001).

Another important aquatic biological element are fish, their communities depend on water
quality, the hydromorphology of the stream, and the constitution of the riparian forest (P. R.
Almeida et. al., 2019).

Amphibians and reptiles also use freshwater ecosystems. Amphibians are generally dependant
on aquatic environments in order to reproduce but live most of their lives on the land, whilst
reptiles reproduce on the land and can live almost exclusively in the water. Both amphibians
and reptiles generally live in lentic areas, since they suffer predation from bigger fish. Also,
high streamflow velocities can easily drag eggs downstream. All these organisms are
generally sensitive towards environmental disturbance, and thus their presence generally
indicate a good ecological state of the site (Rebelo et. al., 2019).

Bird communities depend on the quality of habitat of the channel, the riparian forest, and the
streambank. Vegetation provides nesting sites, shelter, and food source for migrating birds. A
higher number of individuals and different species occur in undisturbed sites with highly
diverse riparian forests. Birds usually occupy the highest trophic levels of freshwater
ecosystems as predators, and therefore the state of their communities reflect the ecological
state of the aquatic environment as well as the riparian forest (Ramos et. al., 2019).

There are also mammals associated to freshwaters. Some mammals are exclusively aquatic
(e.g., the otter), whilst others are simply semi-aquatic, resorting to aquatic environments for
food source, while they procure land for shelter and reproduction (Santos-Reis et. al., 2019).
Finally, the aquatic invertebrates are the main primary consumers in freshwater ecosystems,
linking inferior trophic levels to superior ones in the food chain. They feed on algae,
microorganisms, and allochthonous organic detritus, and then serve as food source to
predators such as other invertebrates, fish, birds, and amphibians (Serra et al., 2019b).

The invertebrates of streams can be organised into functional feeding groups based on how
food is gathered. Grazers and scrapers consume resources- algae and benthic biofilm- from
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substrate surfaces; shredders feed on leaves enriched with microbes; predators on other
animals; gatherers/collectors consume small organic particles accumulated at the bottom of
the stream; filterers capture particles directly from the water column (Allan & Castillo, 2007).
As a whole, macroinvertebrate communities perform crucial functions that are imperative to
the ecosystem functionality of the stream. Even rare species can perform critical roles. Some
of the functional feeding roles that macroinvertebrates perform in streams are summarised in
Table 2.2.

Table 2.2 — Functional feeding roles of macroinvertebrates in stream ecosystems (Wallace &
Webster, 1996).

Grazers Regulate algal biomass, affecting hydraulic retention and nutrient assimilation.
Increase downstream export of fine particulate organic matter from grazed
surfaces.

Shredders | Transform coarse particulate organic matter into fine and dissolved organic
matter, which facilitates its downstream transport.

Gatherers | Decompose deposited fine particles.
The most abundant stream macroinvertebrates, playing an important role as
prey in wood webs.

Filterers Remove particles from suspension.
Supply larger organic matter particles through their feces for deposit-feeding
detritivores.

Predators | Affect prey, not only with mortality, but also with feeding activities, growth
rates, fecundity, and overall behaviour.

After the conditioning of leaves by fungi and bacteria, invertebrate shredders feed on the
leaves and, by doing so, produce fine particles. These particles, plus shredder feces and other
allochthonous fine particles, result in suspended organic matter, which fungi and bacteria will
recolonise in order to continue conditioning leaves. Some fine particles become food for
invertebrate filter-feeders, others settle in quieter areas of the stream, where invertebrate
deposit-feeders will burrow into and ingest the organic matter. In this manner, coarse leaf
material is gradually converted into animal tissue and carbon dioxide. High diversity of the
different invertebrate feeding guilds facilitates the processing of organic matter.
Macroinvertebrates also feed on biofilms and bryophytes. Where there is sufficient light, a
biofilm will develop over rocks and stones that are relatively stable. These are made up of
algae, bacteria, fungi, and protozoa (which feed on the latter microorganisms; Moss, 2018).
Aguatic invertebrates will serve as food source to predators such as other invertebrates, fish,
birds, and amphibians (da Silva Goncalves et al., 2018; Serra et al., 2019b).
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Benthic macroinvertebrates are living organisms found at the bottom (’benthos”) of streams
(Dodds & Whiles, 2010). They lack a backbone (hence, “invertebrate) and are visible to the
naked eye (thus, “macro”). They are frequently found attached to rocks and vegetation or
burrowed into the bottom substrate of the streambed (EPA@, 2016). The communities of
these beings are the focus of this study, since they are some of the most frequently used
bioindicator in order to assess the ecological state of a stream (Kenney et al., 2009). They are
suited to assess the impacts of urbanisation on streams because of their sensitivity towards
land cover change, hydromorphological degradation and organic pollution (Hering et al.,
2004). They are rather sedentary and their communities heterogeneous, usually representing
several phyla, which means that the probability of containing groups that will be sensitive to
the impact of stressors is high, making them good bioindicators, and amongst the compulsory
quality elements to assess rivers ecological quality, according to the European Water
Framework Directive (Berkman et al., 1986; European Commission, 2000; Kenney et al.,
2009). Figures 2.6, 2.7, and 2.8 show examples of sensitive invertebrates, part of the EPT
(Ephemeroptera-Plecoptera-Trichoptera) group, that allow to assess invertebrate communities
(Serra et al., 2019a).

Figure 2.6- Male mayfly (Ephemeroptera). One of the most well-known stream invertebrates,
they occur in places with good water quality. Source: Goodernham & Tsyrlin (2002).
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Figure 2.7- Adult stonefly (Plecoptera). Widely used to assess the ecological state of a stream,
since they are very sensitive towards water quality. Source: (Goodernham & Tsyrlin, 2002).

Figure 2.8- Adult caddisfly (Trichoptera). Many caddisfly larvae are sensitive to water
quality. Source: Goodernham & Tsyrlin (2002).

Overall, a healthy ecosystem is one that is sustainable, as in, one that shows resilience and can
uphold its structure and function when confronted with disturbance and external stress
(Costanza & Mageau, 1999).
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3 URBAN STREAMS RESTORATION- HYDROMORPHOLOGICAL
MEASURES AND THEIR EFFECTS ON INVERTEBRATE
COMMUNITIES: A REVIEW

ABSTRACT

Increasing efforts have been put into the restoration of urban streams due to their important
contribution towards urban sustainability. Despite these efforts, many restoration projects
continue to fail in achieving desired outcomes. The present paper reviewed recent literature
regarding stream restoration, particularly hydromorphological measures, in order to
understand why some projects fail, and how to guarantee success. Urbanisation affects the
natural hydromorphology of streams due to the implementation of impervious surfaces and
other means of land cover change that ultimately increase the volume of runoff, flashiness,
and overall alter hydrological patterns. These alterations profoundly affect freshwater
ecosystems. Such impacts can be assessed by benthic macroinvertebrate communities. These
communities are sensitive, most of all, towards hydrological alterations and poor water
quality. Many restoration projects implement measures that aim to enhance the habitat
heterogeneity of streams by introducing physical structures. These restoration measures alone,
however, do not improve invertebrate assemblages. The present article found that the most
important measures to employ, when restoring urban streams, are the attainment of pre-
development hydrological patterns and good water quality. Hydromorphological restoration,
although fruitful (if not for the improvement of invertebrate communities, then for the
enhancement of the stream’s function and resilience), is not enough to achieve satisfactory
results. Nevertheless, when executing physical restoration actions, refugia must be provided
to guarantee successful recolonisation. Bryophytes, superficial sediments, and the hyporheic
zone provide valuable refugia. Overall, an integrated ecohydrology approach that considers
the entire watershed and its interactions between ecosystems and anthropological activities
will be the most feasible solution towards the management and restoration of urban streams.

Keywords: urban streams, stream restoration, hydromorphological restoration, benthic
macroinvertebrate communities
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INTRODUCTION

Urban streams are the most degraded aquatic and semi-aquatic ecosystems in the world
(Francis & Hoggart, 2008; Tsakaldimi & Tsitsoni, 2016; Vorosmarty et al., 2010). These
streams are highly impacted by the accumulation of anthropogenic actions in their
catchments, such as direct alterations to their channels, banks, and riparian zones by
construction, or runoff from impervious areas like roads, buildings, and parking lots that
ultimately affect stream condition (Konrad & Booth, 2005). The “urban stream syndrome” is
a term used to describe such ecologically degraded streams located in urban basins.
Symptoms are diverse and include flashier hydrographs, high concentrations of nutrients and
pollutants in the water, altered channel morphology, and reduced biotic richness (with
increased dominance of tolerant species; Walsh et al., 2005).

Consequently, the restoration of urban streams is urgent, since these ecosystems have the
potential of offering numerous important services to the populations of cities (Bolund &
Hunhammar, 1999; Maksimovi¢ et al., 2015; Millennium Ecosystem Assessment, 2003). The
restoration of streams enhances urban biodiversity, which in turn yields ecosystem services
that are essential for human wellbeing and sustainable urban management, supporting the
achievement of several goals in the 2030 Agenda for Sustainable Development of the United
Nations (Opoku, 2019; United Nations, 2015). Indeed, the ecological integrity of freshwater
ecosystems has become an imperative matter and is supported by many international,
national, and regional plans and legislation (Findlay & Taylor, 2006). Legislative measures,
such as the Clean Water Act in the United States, the Water Framework Directive and the
Habitats Directive in Europe, continue to be major drivers for the increasing implementation
of stream restoration (Bennett et al., 2011; Council of the European Union, 1992; European
Commission, 2000; Clean Water Act, 1972).

Stream restoration involves several strategies and measures that target the mitigation of prior
disturbance, with the ultimate goal of reaching the most natural scenario possible (Violin et
al., 2011; Walsh et al., 2005). An integrated ecohydrology approach deems stream restoration
as improving hydrologic, geomorphic, and ecological processes in impaired watershed
systems, resulting in its improved capacity to provide clean water, consumable fish, wildlife
habitat, and healthier coastal waters (Bennett et al., 2011; Palmer & Bernhardt, 2006). Despite
restoration projects being increasingly employed, many continue to fail in achieving desired
outcomes. Palmer et al. (2005) propose five criteria for measuring successful river restoration:
1) the specified image of a more dynamic, healthy river that could exist at the site should
serve as the guiding base of the project’s design; 2) the ecological condition of the stream
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must be measurably improved; 3) the river system should be more self-sustainable and
resilient to the point that minimal follow-up maintenance will be necessary; 3) during the
construction stage of the project, no lasting perturbations should remain on the ecosystem; 4)
both pre- and post-assessment must be carried out, as well as data must be made publicly
available.

In the particular case of urban streams, the restoration of the ecosystem, although highly
desired, can be exceptionally challenging, as the alterations may have started a long time ago
and already caused dramatic changes in the structure and function of the stream (Booth, 2005;
Feio et al., 2015; Shoredits & Clayton, 2013). Therefore, the recovery of the ecosystem to its
pre-development state may be impossible to achieve and thus restoration projects become a
mere rehabilitation. Rehabilitation, as opposed to restoration, is not the full recovery of an
ecosystem, but the reclamation of as many of its natural, pre-development, components and
functions as possible (Cortes et al., 2019; Findlay & Taylor, 2006; Rutherfurd et al., 2000).
There is a series of plausible causes for project failure, such as the misunderstanding of
habitat response to geomorphological alteration, non-native invasions, and undetected water
quality impairments. Additionally, many projects fail due to the attempt of managing
individual species or habitat characteristics rather than the ecosystem as a whole (Beechie et
al., 2008).

Therefore, it is essential to analyse the main factors influencing the integrity of an urban
stream ecosystem and their main constraints, in order to plan effective and realistic restoration
measures (Palmer et al., 2005). Among other factors that influence aquatic communities, the
hydrology of a stream has profound effects on its ecosystem (Konrad & Booth, 2005). Lotic
systems present high variability in the quantity, timing, and temporal patterns of streamflow.
However, the amount of water should always be enough to fulfil its ecological needs in order
to sustain the biological community- the environmental discharge (Allan & Castillo, 2007).
Stream geomorphology is another key factor in the ecosystem functioning. It is based on the
interplay between streamflow and landscape. Channel features like sinuosity (or meandering),
riffles, pools, runs and the actual floodplain depend on cycles of erosion and deposition that,
in turn, are determined by supplies of both water and sediments. This dynamic mosaic of
geomorphologic traits provides a wide variety of habitats to biological communities,
including benthic invertebrates, fish, and aquatic plants (Allan & Castillo, 2007; Dodds &
Whiles, 2010; Feio & Ferreira, 2019; Wetzel, 2001).

Considering the importance of urban streams for achieving the ultimate goal of urban
sustainability, we reviewed recent literature on stream restoration measures to retrieve
insights and recommendations for achieving successful urban stream restoration. In particular,
we focus on hydromorphological measures, and their subsequent effects on the stream’s
benthic macroinvertebrate community, as key bioindicators of the ecological condition of
streams (Kenney et al., 2009). Using a step-by-step approach, we investigated which are: 1)
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the impacts of urbanisation and climate change on urban stream hydrology; 2) the responses
of invertebrate assemblages to alterations in the hydrology and morphology of streams; 3) the
hydromorphological restoration measures usually applied to streams and their effect on
invertebrate communities.

3.1 Impacts of urbanisation and climate change on urban stream
hydrology

Land cover change, particularly urbanisation, has several effects on the hydrology of natural
streams. These range from the alteration of streamflow patterns and runoff processes to the
ultimate impairment of stream ecosystems. Small streams are particularly sensitive towards
land cover change, due to their small catchment areas (altered land use will cover greater
proportions of a small stream’s catchment than if it were a large river). Hydrologic processes
are altered as a result of removal of vegetation from hillslopes, stream channelization, surface
levelling, and construction of impervious surfaces such as roads and buildings. These actions
reduce interception, infiltration, subsurface flow, aquifer recharge, evapotranspiration,
stormwater storage on hillslopes, and overall time for stormwater to reach a stream. As
impervious cover increases, the percentage of water that flows as surface runoff increases
(Figure 3.1). This translates into more frequent stormflow events with high peak discharge
and rapid stormflow recession (flashiness). Urbanisation brings about the redistribution of
water from periods of base flow to periods of storm flow, as well as increased daily variation
in streamflow (Chadwick et al., 2006; Ferreira et al., 2016; Konrad & Booth, 2002, 2005;
Palmer & Richardson, 2009; Paul & Meyer, 2001; Serpa et al., 2015; Walsh et al., 2004).
Impervious surfaces in immediate riparian zones increase the risk of stream impairment (due
to the decrease in buffer capacity for filtering impaired surface and ground water; Hall &
Azad Hossain, 2020).
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Figure 3.1- Alteration in the hydrologic flow distribution of stormwater with increasing
impervious cover in urbanised catchments. Adapted from Paul & Meyer (2001).

The “urban stream syndrome” identifies streams that suffer from a set of symptoms that
include flashier hydrographs, high concentrations of nutrients and pollutants, altered channel
morphology, and reduced biotic richness with increased dominance of tolerant species (Walsh
et al., 2005). Recurrent commonalities on the urban stream syndrome include (Booth et al.,
2016; L. R. Brown et al., 2009): i) increase of frequency and magnitude of high flow events
and flashiness; ii) increase in channel cross-section due to higher discharge and therefore,
increased bed and bank erosion, leading to the enlargement of streams; iii) increase in
conductance and overall decrease of water quality thanks to the drainage of pollutants (such
as PAHs that result of combustion and petroleum products, and insecticides used for pest
control) into streams; iv) declines in fish and benthic macroinvertebrate communities due to
the degradation of ecosystems.

However, streams around the world respond differently to urbanisation. Feasible reasons for
divergence in response are (Booth et al., 2016): i) climate- as in rainfall and frequency of high
flow events. In consistent climate conditions, urbanisation radically affects the frequency-
magnitude-duration balance in streamflow, which leads to major ecological modifications; ii)
sediment delivery- urbanisation usually decreases delivery of sediments due to streambank
armouring and stabilization of hillslopes. So, in regions that would naturally yield high
loadings of sediments, this shortage of sediment delivery can affect channel morphology as
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much as increased discharge; iii) urban infrastructure- as in age, timing of development and
history of land cover.

Such regional and local divergences reinforce the complexity of urbanisation and its influence
on natural streams. In order to set realistic and feasible management goals, it is crucial to
understand how and why urban streams differ from one another, and how they will respond
differently to the same restoration actions. This requires an understanding of the relationship
between watershed and urban traits, the regional ecological composition, and the social and
economic practicability of management approaches. For this reason, it is difficult to state a list
of restoration measures that will rehabilitate urban streams worldwide. Yet, commonalities in
urban stream management can be pointed out (Booth et al., 2016; Ferreira et al., 2016): i)
disconnecting impervious areas from streams by improving infiltration and
retention/harvesting. These actions will show varying efficiency according to regional storm
characteristics; ii) address main water quality issues first, such as sewage disposal and other
sources of pollution.

Among the hydrologic shortcomings of conventional stormwater management approaches,
load-reduction strategies attempt to reduce pollutant loads and peak flow rates. These alone,
however, are not sufficient. The most common measure in this approach are end-of-catchment
stormwater wetlands. These prove to be efficient at reducing pollutant loads and peak flows,
but their retention capacity and ability to reduce volumes through infiltration and
evapotranspiration are limited, which often results in outflow rates that exceed channel
erosion thresholds, degrading geomorphic and ecological conditions. Additionally,
constructed wetlands can reduce baseflow, altering hydrologic patterns even further; they are
unable to protect upstream waters from pollutants since they are located at the end of the
catchment; and finally, they replace lengths of the stream with a dissimilar ecosystem,
disrupting the stream’s longitudinal connectivity. Other load-reduction approaches, such as
dispersed biofiltration systems, have the ability of protecting upstream water quality.
However, these systems exhibit low hydrologic retention capacities and are connected to the
stormwater drainage system, minimizing potential for volume reduction through
evapotranspiration and exfiltration to surrounding soils. Flow-regime management is crucial
to achieve successful stream restoration and such tools need to become a standard (Burns et
al., 2012). The true restoration of urban streams can only be achieved once hydrologic
processes and the spatial distribution of water-storage is re-established throughout the urban
basin (Konrad & Booth, 2005).

In order to protect and successfully restore urban streams, five principles for urban
stormwater management are (Walsh et al., 2016): 1) ecosystems to protect must be identified
and objectives for their ecological state must be set; 2) the resulting interplay between
evapotranspiration, infiltration and streamflow should resemble predevelopment conditions.
This usually entails keeping significant runoff volumes from reaching the stream; 3)
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Stormwater control measures (SCMs) should vyield flow regimes that resemble the
predevelopment regime in both quality and quantity; 4) SCMs should be able to store water
from high flow events so that the frequency of disturbance to biota does not increase in
comparison to predevelopment conditions; and 5) SCMs should be implemented to all
impervious surfaces in the catchment of the target stream.

Examples of SCMs are rainwater tanks, vegetated infiltration systems that receive overflow
from tanks and impervious surfaces, and biofiltration systems. These tools can be applied at
several scales, such as residential, public, and commercial buildings, streetscapes, blocks, etc.
Such tools, however, are only effective when employed at a large enough scale to re-establish
hydrologic patterns (Burns et al., 2012; Maksimovi¢ et al., 2015).

Urbanisation, apart from hydrology, also affects channel geomorphology, which in turn, can
degrade the overall ecological state of a stream. Urbanisation can impact channel
geomorphology and streambed sedimentological characteristics through the reduction in riffle
habitant frequency, increased streambed substrate embeddedness, frequency of fine substrate,
and streambed siltation (Zeiger & Hubbart, 2019). Restoration projects should thus also aim
to restore geomorphology to a new equilibrium that enhances the health and ecological state
of the stream (Findlay & Taylor, 2006).

Climate change affects urban areas by altering air temperature and precipitation patterns,
exacerbating both magnitude and duration of climate extremes such as droughts and floods
(Maksimovi¢ et al., 2015). Flow regime modification due to such events is expected to occur,
for instance, transition of perennial rivers to intermittent due to extreme drying periods.
Increased water temperatures lead to altered species distribution, survival rates, and
phenology. It is estimated that approximately 50% of global freshwater species are threatened
by climate change (Reid et al., 2019). The combined effects of both land cover modification
and climate change will be even greater on smaller streams. In summary, climate change will
have a stronger effect on runoff increase, but land use change will exacerbate it, which
translates into higher flood peaks, more frequent flood events, and increased runoff volumes
(Hung et al., 2020).

3.2 Response of aquatic invertebrate assemblages to alterations in the
hydrology and morphology of streams

The anthropogenic actions that embody urbanisation alter many aspects of the stream
ecosystem. This consequently modifies their associated biodiversity, communities
composition and ecosystem functioning (Figure 3.2; Karr & Yoder, 2004; Konrad & Booth,
2005). Among other elements of the aquatic communities, benthic invertebrates are one of the
most diversified and abundant assemblages and their taxa respond differently to the different
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stressors affecting freshwater ecosystems. They respond to land cover change,
hydromorphological degradation and organic pollution (Hering et al., 2004). Therefore, the
composition and structure of these assemblages will also be affected by urbanisation, not only
through hydrologic alteration, but also through water quality and habitat degradation.

Anthropogenic actions associated with
urbanisation
Impervious surfaces, riparian vegetation

removal, channel modification, water use,
discharge of pollutants Structural alterations in

stream ecosystems
Physical structure of habitat,
flow regime, water quality,
energy sources

Biological response of stream communities

Changes in diversity, abundance trophic
structure, life-history, behaviour, biotic
interactions, and functioning

Figure 3.2- Resulting biological response of stream communities towards urbanisation
actions. Modified from Konrad & Booth (2005).

Poor water quality, with high concentrations of pollutants, low rates of dissolved oxygen, and
low pH levels alter the proportion of functional feeding groups, impoverishing invertebrate
communities to the point of being reduced to tolerant species only (Xu et al., 2014). The
ecological assessment of a South African wetland showed that macroinvertebrate
communities were impaired due to agricultural activity that diminished pH and macrophyte
cover, as well as increased concentrations of phosphate and ammonium (Dalu & Chauke,
2020). Concordantly, when comparing the communities of urban streams of a township in
Cameroon to their comparable forest sites, higher taxa richness and abundance of sensitive
species appeared to be correlated to higher dissolved oxygen, canopy cover, and overall better
water quality (as in, absence of heavy metals and organic pollution; Tchakonté et al., 2015).
Through the assessment of a Mediterranean urban stream, (Serra et al., 2019) found also that
the months of the study period with worst water quality corresponded to the ones with higher
peaks of discharge, with high conductivity and hardness due to the dissolution of alkaline
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substrates (such as calcareous rocks). These periods revealed the ecologically worst
macroinvertebrate assemblages, with higher abundance of generalist taxa and biological traits
that indicate adverse conditions. The authors suggest that the effects of peak discharge could
be abated through flow management, by keeping the water level constantly higher. Mor et al.
(2019) found that streams respond differently to wastewater effluent discharge, depending on
their hydromorphology. Streams with low discharge present reduced dilution capacity, which
could point to a “threshold” of water level that should be maintained, particularly during dry
periods, in order to mitigate the effects of inevitable point-source pollution.

It is well known that macroinvertebrate assemblages are conditioned by streamflow
characteristics. Complementary taxonomic groups respond in opposite directions, depending
on their biological traits, such as body form, fixation ability, capacity to escape into
sediments, type of locomotion (e.g., active or passive swimming), among others. Streamflow
metrics seem to limit the maximum richness/abundance of sensitive taxa, while for tolerant
taxa they act as the minimum for their relative richness/abundance (Konrad et al., 2008).
Table 3.1 displays streamflow characteristics found to be ecologically significant, and thus
should be considered to restore the biological communities of a stream.

Table 3.1- Streamflow metrics that influence benthic macroinvertebrate communities (Konrad
et al., 2008).

Median annual mean streamflow

Median annual minimum daily streamflow
Median annual duration of the longest high flow
event

Median annual number of continuous periods of
Frequency high flow events when daily streamflow exceeds
Qo

Timing Month of maximum monthly streamflow
Coefficient of variation of annual minimum
streamflow

Per cent daily change in streamflow

Baseflow recession rate

Coefficient of variation of monthly mean
streamflow

Median annual maximum daily streamflow as a
fraction of mean streamflow (Qmax/Qmean)

Magnitude

Duration

Variation
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Median annual streamflow exceeded 10% of the
year as a fraction of median streamflow
(Q10/Qs0)

Mean streamflow 100 days prior to invertebrate
sampling divided by median streamflow (100-
day Qmean/Qs0)

Minimum streamflow 100 days prior to
invertebrate sampling divided by median
streamflow (100-day Qmin/Qso)

Benthic macroinvertebrate assemblages are directly affected by altered hydrology through the
removal of organisms by high flows that drag them downstream or that even kill them.
Altered flows also change the distribution and input of allochthonous resources. Flow
reduction reduces benthic habitats available feeding resources and dilution capacity,
increasing the concentration of nutrients and other pollutants in the water. High flows can also
reduce habitat, by increasing the rate of bed scour, turbidity, and disturbing streambed
sediments (Konrad & Booth, 2005; Serra et al., 2019). Benthic macroinvertebrates are heavily
influenced by the heterogeneity of inorganic substratum (Caro-Borrero & Carmona-Jiménez,
2018) and, therefore, disturbing the stream’s sedimentological characteristics will degrade
invertebrate communities.

Another recurrent hydrologic characteristic that influences macroinvertebrates is flow
permanence. Parker et al. (2019) found that calibrating hydrologic models according to
flashiness and flow permanence provide models better suited to describe biotic condition
variability, even if they do not accurately represent flow regimes. The study of Stubbington et
al. (2017) explains how invertebrate communities inhabit intermittent rivers and ephemeral
streams. They observe that the main threats to these habitats are altered hydrology, including
changes to flow permanence (for instance, artificially shifting to a perennial regime),
deterioration of water quality (these habitats are especially sensitive due to a low dilution
capacity); changes to channel morphology as a result of sediment extraction, loss or alteration
of riparian vegetation; and emergence of invasive taxa. Kominkova et al. (2005) conclude that
combined sewage disposal reduces water and sediment quality, causing both chemical and
hydraulic stress. Overflows alter the hydrological pattern of the stream, affecting the benthic
community, especially during summer storm events. These discharges increase the stream’s
natural flow and carry heavy metals. On the other hand, Schriever et al. (2015) find that the
increase in flow permanence increases functional richness, evenness, and taxonomic richness.
They realise that flow permanence influences the invertebrate community more than any other
environmental variable. In agreement, Bogan et al. (2013) conclude that flow permanence
overwhelms other hydrologic factors, such as connectivity to upstream reaches. Arscott et al.
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(2010) found that taxonomic richness and density are significantly higher in the perennial
sections of an alluvial river, rather than the ephemeral and intermittent sections.

In conclusion, benthic macroinvertebrate communities are, indeed, affected by hydrology and
thus, by hydrologic changes result of urbanisation. Any alteration to the natural hydrology of
a stream will modify the taxonomic composition of its macroinvertebrate community and
therefore, its functionality. Flow permanence appears to be one of the most important
hydrologic traits. However, whereas, by rule of thumb, perennial streams show more diverse
communities, naturally intermittent streams should not be artificially shifted to a permanent
flow regime.

3.3 Hydromorphological restoration measures applied to streams and
their effect on invertebrate communities

The structure of water bodies has been degraded for decades now, in favour of urban
development, agriculture, and navigation. This has been done through channelization,
obstruction of streambeds, dredging of banks, construction of weirs, disconnection of streams
from the floodplain, etc (Brettschneider et al., 2019). As such, restoration efforts often take
the hydromorphologic route, implementing actions that aim to restore the natural hydrology
and geomorphologic structure of a stream. For example, from 178 stream restoration projects
in Florida, USA, 73% involved hydromorphologic measures, such as stream reclamation,
flow modification, bank stabilization, channel reconfiguration, floodplain reconnection, and
in-stream habitat heterogeneity improvement (Castillo et al., 2016).

However, such measures do not always have a positive effect on macroinvertebrate
assemblages. Restoration efforts in urban streams may be successful at stabilizing stream
banks, preventing bank sloughing, and further incision but in biological terms these measures
may not be sufficient (Selvakumar et al., 2010). For instance, Turunen et al. (2017) found that
the addition of wooden structures enhances hydraulic retention and, in turn, re-establishes a
more natural flood regime. The implementation of boulders proves to be effective at
improving habitat heterogeneity. These measures combined were thought to have improved
the benthic macroinvertebrate communities of forestry impaired streams, but instead, they did
not respond at all. In accordance, Ernst et al. (2012) found that natural channel design
restoration has little change on the macroinvertebrate community, even though it can benefit
the stream habitat and its fish assemblages.

Some studies explored the possibility of enhancing benthic macroinvertebrate assemblages as
a result of structural restoration projects that targeted other species, such as salmonids, or that
simply did not target invertebrate communities per se. Results show, however, that they do
not respond to this type of restoration measures (Louhi et al., 2011; Smith et al., 2020). Such
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outcomes demonstrate that structural restoration does not show any evidence of enhancing
invertebrate communities. Probably because new habitats are not being created at scales that
are relevant to the assemblages. Or perhaps due to regional/watershed scale factors that
override any structural restoration efforts. Nevertheless, physical restoration measures prove
to enhance ecosystem function by enhancing leaf retentiveness (Muotka & Syrjanen, 2007).
This is facilitated by low discharge and high hydrologic retention, which can be achieved by
the addition of any physical structure in-stream (Koljonen et al., 2012).

In light of the most common approaches regarding stream restoration and the frequent failures
concerning the improvement of benthic invertebrate communities, Palmer et al. (2010)
critically reviewed the paradigm of habitat heterogeneity. This paradigm considers that
increasing the structural diversity of habitat, by adding structures such as boulders, artificial
riffles, and addition of meanders, will restore biodiversity by enhancing structural
heterogeneity. The evaluation of 78 independent restoration projects lead to the finding that
habitat heterogeneity had indeed improved, but only two showed a significant increase in
biodiversity. Palmer et al. concluded that there is no evidence that habitat heterogeneity alone
increases invertebrate diversity. And therefore, suggest that projects should prioritise first the
mitigation of stressors such as source pollution and hydrologic alteration, and only then move
to measures such as increasing physical complexity.

On the other hand, Szita et al. (2019) found that in Hungarian streams, water quality and
biological state remained good, despite urban development. These facts were attributed to the
preservation of near-natural hydromorphologic and riparian conditions that significantly
reduced urbanisation effects and preserved water status. Then again, not all projects fail to
recover aquatic assemblages, and other studies show that these efforts are worthwhile. Bain et
al. (2014) obtain evidence of a healthier, more diverse benthic macroinvertebrate assemblage
after a major urban stream restoration project in the USA. Despite this progress, positive
changes are threatened by the persistence of extreme flow events from the urbanised
watershed. Similarly, Purcell et al. (2002) obtained both improved biological diversity and
habitat quality when comparing a small restored stream to unrestored sites. However, it still
hadn’t reached the conditions of a comparable stream that had undergone restoration 12 years
prior.

Other important shortcomings occur besides the efficiency of restoration measures, one of
them being the motivation to restore. In fact, often failure happens in media/politically driven
restoration projects as restoration actions that enhance the aesthetics of the site do not
necessarily address pressing ecological issues. Moreover, the lack of communication between
experts and practitioners often prevents the success of restoration in urban areas (Cockerill &
Anderson, 2014).

Another issue that seems to be recurrent with restoration projects is not addressing or
prioritising watershed-scale issues, such as source pollution and land use management
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practices. Hydromorphological restoration actions as a stand-alone measure are insufficient to
improve the ecological status of a stream as long as water and sediment quality remain
impaired (Brettschneider et al., 2019; Palmer et al., 2010). Reach-scale restoration actions are
not enough to promote improvement in the invertebrate community if watershed-scale
problems such as land use and hydrological regime disturbance persist (Ernst et al., 2012;
Tullos et al., 2009).

Verdonschot & Nijboer (2002), with the intention of kick-starting a decision support system
for stream restoration in the Netherlands, analyse three examples of restoration projects and
their shortcomings. First was the case of re-meandering the VVloedgraaf stream: a channelized,
impaired stream due to the discharge of sewage and effluent of a purification plant.
Restoration measures included the digging of meanders; construction of a transversal profile
in order to create wetland-like inundation areas; digging of pools and oxbow lakes; as well as
the plantation of trees at some stretches. Five years after these actions were implemented, the
status of water quality and macroinvertebrate assemblages remained the same. Probably
because of persistent water pollution.

The second case was water retention in the stream Gasterense diep: a middle course, lowland
stream which water quality was good. Firstly, sewage discharge was eliminated. Secondly, the
wet riparian areas parallel to the stream were restored, improving conditions for groundwater
dependent vegetation. The project also involved constructing submersed weirs into the stream
channel, with the purpose of withholding sand transported by the stream. Five years after
removing sewage disposal, target species of macroinvertebrates increased, but seemed to react
negatively to installed weirs. The weirs decreased the diversity of substrate due to a drop in
current velocity.

Finally, the third case considered was the wetland construction along the stream Midden
Regge: a channelized lowland stream that received discharges from purification plants and
sewer systems. These discharges caused fluctuations in the streamflow during storm events.
The status of the water quality was moderate, whilst the bottom of the stream was polluted.
Restoration actions consisted of the construction of a gradient between land and water in
order to allow erosion and deposition in a riparian zone; removal of the 20 cm contaminated
topsoil layer in the riparian zone; and the increase of the stream’s bottom width and depth. Six
years after the intervention, riparian vegetation diversity increased, but shortly after,
decreased again due to the eutrophication of the soil as a result of sand and silt deposition in
the riparian zone. The increase in profile width and depth lead to a decrease in flow velocity
and increase in algal development, culminating in oxygen depletion. This is another example
of not targeting crucial matters first, in the case of the Midden Regge, sediment deposition.

In conclusion, hydromorphological actions are effective at improving the quality of stream
habitats, but these actions alone may not be sufficient to restore biological communities. An
integrated ecological approach to stream restoration is required, in which ecological concepts,
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threats, and former experience are combined (Verdonschot & Nijboer, 2002). As seen in the
literature, macroinvertebrate communities and therefore, stream ecosystems, will not improve
unless more important stressors are taken care of first. Sometimes, habitat heterogeneity may
not even be a limiting factor to begin with (Louhi et al., 2011). Stressors such as point-source
pollution, sediment deposition, and modified hydrologic patterns need to be prioritised.

Scale is also a challenge for restoration projects, as reach-scale actions are often inefficient if
the rest of the watershed is impaired (Miller et al., 2019; Tasca et al., 2020).

Finally, time is also an important variable in the evaluation of the effect of restoration
measures. In fact, benthic biodiversity generally drops right after restoration actions are
employed (Muotka & Syrjénen, 2007). This can be attributed to the fact that restoration
represents a disturbance to the invertebrate community, since it unnaturally modifies stream
habitat. Resilience of the biota to such disturbances can be facilitated by use of refugia.
Refugia are locations that aren’t as affected by disturbance as its surrounding area. Organisms
that manage to seek refuge have a higher probability of surviving the period of disturbance
and later recolonising the restored habitat. Bryophytes can act as refugia for benthic
invertebrates after the first impact of restoration. Since restoration actions leave the streambed
unstable for a long period of time, invertebrates take refuge in stable stones that are covered in
bryophytes. These increase the structural complexity of the substratum, decrease water
velocities, and accumulate detritus and epiphytic algae, providing food and shelter for
invertebrates. Restoration projects should thus leave patches of stream bottom intact in order
to facilitate recolonisation after conditions settle (Korsu, 2004).

Another important refuge for benthic invertebrates is the hyporheic zone (Hancock, 2002).
This area constitutes a transition between the surface stream and groundwater (Boulton et al.,
1998; Chamorro et al., 2015). Hydrologically, the hyporheic zone can also be defined as the
interstitial spaces adjacent to the stream bank and below the streambed, spaces which are
saturated and contain some of the channel water (Merill & Tonjes, 2014). Both the hyporheic
zone and superficial sediments of the streambed show capacity of acting as a refuge for
invertebrates whilst conditions are unstable right after restoration (Stubbington et al., 2009).
Sediments with interstices large enough may be a morphologic trait to preserver/restore on
streams that suffer from drying periods, considering that the climate change challenge will
exacerbate these types of events.

The hyporheic zone also contributes to maintaining water quality through biological filtration,
and porous sediments adjacent to the stream act as buffers to rising water levels, reducing,
delaying, or even preventing flooding. A few management measures can restore the hyporheic
zone, such as the periodic release of environmental flows to flush silt and reoxygenate
sediments, planting and maintenance of riparian buffers, effective land use practices, and
suitable groundwater and surface water extraction policies. In terms of sediments, the careful
introduction of gravel, the loosening of existing gravel by mechanical methods, and the
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reintroduction of bends, large boulders, and logs to induce down-welling and sediment
deposition (Hancock, 2002).

Recolonisation of restored sites also depends on taxon pool occurrence rate and proximity to
this pool. Barriers do not seem to impose a significant challenge, since only a few species
appear to be susceptible to them. This being the case, an assessment of the pool’s taxonomic
composition and dispersal modes may be interesting to perform beforehand, assisting with the
spatial prioritisation of restoration (Tonkin et al., 2014). Considering that restoration projects
disturb communities at first, recolonisation happens from macroinvertebrates that take refuge
whilst conditions are not stable, as well as from new species that migrate from other habitats.
Thus, the ease with which this happens depends on the dispersal capacity of the community,
distance, and connectivity from its source of colonisers (Spanhoff & Arle, 2007).

In order to facilitate recolonisation, it seems imperative that refuge is provided for the existing
macroinvertebrate assemblage, so as to endure unstable conditions caused by restoration. This
may be done by leaving a patch of streambed intact and close to a taxon pool with adequate
dispersal capacity to recolonise the newly restored habitat

INSIGHTS AND RECOMMENDATIONS

The urban stream syndrome is comprised of a few commonalities, such as flashier
hydrographs, high concentrations of nutrients and pollutants, altered channel morphology, and
reduced biotic richness with increased dominance of tolerant species. Nevertheless, all urban
streams are different and unique to their region, hence, it is impossible to prescribe a “recipe”
for restoring all kinds of urban streams. Nonetheless, a few common recommendations on the
management of such streams could be extracted from the previous analyses.

First, an urban stream is a freshwater aquatic ecosystem, and therefore must be regarded as so.
Practitioners should familiarise themselves with the habitat components that a natural stream
would present at the region in question and aim to rehabilitate them, such as riparian
vegetation, streambed composition, and natural discharge. A stream’s flow rate must be
enough to satisfy the ecological discharge of the ecosystem and therefore sustain its biological
communities and functionality. Since invertebrate communities show development limits
towards hydrologic characteristics (such as magnitude, duration, frequency, timing, and
variation), the assessment of such limits could be done beforehand, allowing practitioners to
predictively model and procure optimal solutions to the implementations of measures that will
regulate superficial runoff. No stream will ever be ecologically acceptable if its water remains
polluted. Therefore, another universal approach towards urban streams management is to
prioritise water quality. The most important steps when restoring urban streams will therefore
be re-establishing, as much as possible, a pre-development hydrological pattern, and sorting
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any water quality issues as to ensure that it is satisfactory enough to sustain a healthy
ecosystem.

In addition, restoration projects need to consider the whole catchment and not be limited to
reach-scale. End-of-pipe treatments do not improve water quality upstream and therefore are
not enough to improve the ecological state of a watershed-scale stream system. Another
important aspect to consider is the disturbance caused by the physical restoration actions.
Refugia must be provided in order to facilitate recolonisation after conditions have settled.
The hyporheic zone can prove to be valuable refugia in some streams, it also plays an
important role in the regulation of water quality and buffering floods. In order to restore
and/or maintain the hyporheic zone, environmental flows can be periodically discharged to
flush silt and reoxygenate sediments; riparian buffers must be planted and/or maintained;
effective policies for land use practices, groundwater and surface water extraction must be
implemented. Superficial sediments can provide refuge for invertebrates that cannot survive
in the hyporheic zone. To restore this aspect of the streambed, gravel can be loosened and
further added, as well as the re-introduction of meanders, boulders, and logs to induce down-
welling and sediment deposition. Bryophytes also prove to be a critical source of refuge, and
therefore patches of the stream bottom must remain intact to facilitate recolonisation after
restoration. Also, recolonisation depends on the composition and proximity to a taxon pool, as
well as their dispersal traits. An analysis of such traits could be interesting to perform before
planning restoration.

Finally, for an efficient restoration, it is imperative to ensure a good communication between
scientists and managers. Moreover, the assessment of the urban population’s interests may
bring to light new important aspects to consider whilst simultaneously raising the awareness
of the local community to the importance of urban streams. Thus, sensibilization and
education actions are also essential measures.

This review pointed out some aspects that need to be further investigated to support effective
restoration projects in urban streams. One of them is the potential definition of reference
values for streamflow metrics as limits for the maximum richness/abundance of sensitive taxa.
This requires a great deal of experimental work covering different situations and the
construction of large databases but would be very useful for managers, as well as testing the
usefulness of such approach with real-case scenarios. Another concept to explore is if a
threshold for water level exists in order to provide enough dilution capacity to sustain
macroinvertebrate diversity when water pollution is unavoidable or difficult to solve.
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4.1 General Conclusions

Considering the value of urban streams for sustainable urban management, the purpose of this
dissertation was to retrieve insights and recommendations from the review of recent literature
addressing stream restoration, particularly hydromorphologic actions, and their subsequent
effects on the stream’s benthic macroinvertebrate community. The goal was to contribute to
sustainable urban development by providing urban water management an integrated
ecohydrology perspective on urban streams. In view of this, the present thesis reviewed the
existing literature with the following specific main objectives: 1) determine the effects of
hydromorphological alterations in biological communities; 2) establish the most important
restoration measures to recover urban stream ecosystems.

Urban streams are an important blue-green nature-based solution that yields many ecosystem
services, including regulation of urban temperature and global climate, improved biodiversity,
and decrease of stormwater runoff, which leads to reduced urban flood risk. Therefore, urban
stream ecosystems must be preserved and restored.

Urbanisation entails the implementation of impervious cover (amongst other land cover
change), which alters the hydrological pattern of the urban basin by reducing crucial
processes such as interception, infiltration, and evapotranspiration. These changes lead to
overall higher flashiness and variation in the flow of streams due to the increase in surface
runoff and, consequentially, in discharge too. Morphological and chemical alterations are also
the result of urbanisation. Climate change will only exacerbate these issues by altering
temperature and precipitation patterns, enhancing the magnitude and duration of climate
extremes such as floods and droughts.

Benthic macroinvertebrate assemblages are highly sensitive towards water quality, and
therefore, their communities become impoverished and reduced to tolerant taxa in the
presence of pollutants resulting of urban drainage, losing ecosystem functionality. Likewise,
hydrology affects invertebrate communities. High flows drag organisms downstream and
destroy benthic habitat, whereas low flows reduce habitat and enhance the concentration of
pollutants in the water. Flow permanence appears to be the most important hydrologic
characteristic. Whilst, by rule-of-thumb, permanent flows show more diverse communities,
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artificially shifting naturally intermittent streams to a permanent flow regime degrades these
ecosystems.

The scale of restoration is also a key issue. Stream restoration projects fail when the
watershed’s state is not considered. When the whole watershed is impaired, whether it is due
to water pollution or the alteration of natural hydrologic patterns, restoration actions that
enhance the habitat heterogeneity of streams will not improve the diversity of
macroinvertebrate communities. Due to region-specific settings unique to each urban stream,
it is impossible to prescribe a global recipe for the urban stream syndrome. Nonetheless, a few
common points on the management of such streams can be considered: aim to reduce the
ultimate runoff volume by employing practises based on the infiltration, harvesting, and use
of stormwater, and by doing so disconnecting impervious areas from streams. Stream
restoration should prioritise issues such as water quality and altered hydrologic patterns at a
watershed scale, and only after resolving these matters move on to enhancing habitat
heterogeneity, if necessary, and restoring components of the pre-development habitat. Since
physical restoration actions disturb the existing condition of the stream’s habitat, refugia must
be provided in order to facilitate recolonisation after conditions have settled.

Before embarking on a new restoration project, an understanding of the interplay between the
watershed and its urban traits must be cemented, aiming to re-establish the natural distribution
of stormwater and hydrologic processes. This demands a recognising of the relationship
between watershed and urban traits, the regional ecological composition, and the social and
economic practicability of management approaches. Finally, an efficient restoration requires
good communication between experts and practitioners, as well as the interest of the urban
population. Thus, sensibilization and education actions are also essential.

Practitioners must work in integrated, multidisciplinary, teams that can approach urban stream
management from an ecohydrology point of view.

4.2 Future Research

The few suggestions given throughout this thesis need further research. One of them being
streamflow metrics as limits for the maximum richness/abundance of sensitive taxa. Field
work could explore this hypothesis and find out if it could be indeed an added paradigm to
consider in restoration projects.

Another concept to explore is if streams indeed possess a given “threshold” for water level to
possess enough dilution capacity in order to sustain macroinvertebrate diversity when water
pollution is unavoidable or difficult to solve.

The importance of re-establishing pre-development hydrological patterns has been thoroughly
stressed throughout this research. However, it is widely known that rivers and streams are
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ever-evolving systems, so who is to say that their current hydrologic pattern would, indeed,
correspond to pre-development conditions? Another aspect to consider is the fact that
urbanisation completely alters the catchment and so, perhaps different circumstances to the
expected natural ones would yield even better ecological conditions and ecosystem services.
Modelling systems could be developed to predict the outcomes of restoration projects
according to different approaches before settling on one.

Overall, the more data available about restoration projects, the planning involved, objectives
and after monitorisation and results, the better. Such projects should involve experts in the
field of aquatic ecology to assess the taxon pool beforehand and the traits that
macroinvertebrate communities possess, as well as for the determination of ecological quality,
to see if these would actually be helpful when planning a restoration project.
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