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ARTICLE INFO ABSTRACT

Keywords: River and stream ecosystems within cities can provide important Ecosystem Services (ES) to urban population
Urb_anizaﬁon along with the maintenance of biodiversity. Increasing urbanization with land use change can affect biodiversity,
Indicators impacting ES provision, but the relationships between biota and ES are complex and poorly understood. This
Macroinvertebrates . . . PRI . s s .

Diatoms study aims to explore relationships between aquatic biodiversity (communities’ composition and structure),

Ecosystem services

urbanization and ES provided by urban streams. Nine streams were surveyed within a city area (up to 8 km of the

city centre) focusing on common biological indicators (i.e., macroinvertebrates and diatoms), as well as several
indicators of Provisioning (N = 7), Regulation (N = 14) and Cultural (N = 23) services for this type of ecosystem.
Urban stream sampling sites were also assessed in terms of their urbanization degree, according to the sur-
rounding imperviousness area (IMD). Pearson correlations showed trends of negative relationships between IMD
and both Provisioning and Regulating services. Yet, urbanization effects on the biota seemed to be mitigated due
to enhanced hidromorphological site features. The community structure and composition of invertebrates and
diatoms was differently associated to ES (BIOENV analysis). Whereas macroinvertebrate communities related
specifically with Provisioning and Regulating indicators, the diatom responded just to regulating indicators.
Overall, this study showed that aquatic biodiversity is linkable with ES provided by urban streams, and such
relationship depends on specific ES indicators mainly for Provisioning and Regulating services. Additionally,
macroinvertebrate communities can be used as a suitable indicator for the potential of streams in supplying
Provisioning and Regulating ecosystem services. This shows that their indicator value goes beyond their known
potential as indicators of structural and functional integrity of river ecosystems. These results also reinforce the
need to protect nature associated to running water ecosystems in urbanized areas, as they provide green and blue

solutions for the sustainability of cities.

1. Introduction

Both natural and managed ecosystems provide a wide variety of
benefits to people (MEA, 2005), from food, clean water, flood protection
and climate change mitigation to cultural heritage. Such benefits known
as “Ecosystem Services” (ES) are essential for human life and the well-
being of human population (Diaz et al., 2018; Haines-Young and Pot-
schin 2018; MEA, 2003, 2005).

Particularly, urban river and stream ecosystems have a great po-
tential in providing important ES to their inhabitants and promoting the
sustainability of cities (Elmqvist et al., 2015; Grimm et al., 2008; Haase,
2015). Riverine ecosystems are composed of blue and green areas which
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includes the flowing water and its aquatic communities (fauna and
flora), but also corridors of riparian vegetation and associated terrestrial
or semi-aquatic fauna. Thus, urban streams have the potential of
maintaining urban biodiversity, improving aesthetics and air quality,
mitigating floods and extreme temperatures, establishing recreational
areas and promoting the well-being and health of the population, among
other important ES (Brauman et al., 2007). These include Provisioning,
Regulating, and Cultural services. Provisioning services are products
that are obtained from an ecosystem (e.g. water, food, raw materials),
and Regulating services are mainly benefits derived from the biophysical
ecosystem properties (e.g. climate regulation, flood risk mitigation).
Cultural services refer to nonmaterial benefits including both physical
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and mental amenities for inhabitants (e.g. aesthetics, recreation, tourism
and cultural heritage) (MEA, 2005).

However, the provision of many of these ES are under severe threat
from anthropogenic pressures (Keyes et al., 2021). Among the various
types of land-uses, urbanization arises with a complex mixture of
changes, including land-use modifications (e.g. increasing soil sealing,
decreasing natural habitats), and environmental disturbances (e.g.
hazardous substances, higher temperatures). These alterations increase
the stress on local species diversity and ecological processes (Del Arco
et al., 2012; Serra et al., 2019), inducing the establishment of different
ecological communities and the so-called novel ecosystems (Evers et al.,
2018; Swan et al., 2011). As urban areas are expanding faster than urban
populations in several areas of the world, the effect of urbanization is
acknowledged as a key driver of biodiversity change and ecosystems
services loss at a global scale (Seto et al., 2013; Zari, 2018).

The importance of biodiversity behind the delivery of ES is well
recognised (Diaz et al., 2006, 2018; MEA, 2005), with effects of biodi-
versity loss on the provision of ES (e.g. Balvanera et al., 2006, 2014;
Cardinale, 2012). In fact, biological diversity is closely associated to
ecosystem functioning and expected to positively influence the provi-
sion of certain ES (Cardinale et al., 2012; Vaughn, 2010; Worm et al.,
2006). For instance, ES that improve water quality and flow regulation
are enhanced by increasing community and habitat area (Harrison et al.,
2014), and biodiversity should also stabilise the provision supply of ES
over time (Chapin et al., 2000; Hooper et al., 2005; Tilman, 1996). Thus,
there is great concern about the effects of biodiversity decay, not only for
ecosystems, but also for human well-being and sustainability (Balvanera
et al., 2014; Cardinale et al., 2012). In this context, the ecosystem ser-
vices approach enables to assess the relationship between the environ-
ment and human populations providing a more comprehensive
approach for decision-making. Several approaches have been taken in
an attempt to measure and value ecosystem services aiming at inte-
grating both natural and social systems (e.g. MEA, 2005; UNEP, 2007;
TEEB, 2010; IPBES in Diaz et al.,, 2015), among which is a recent
framework and assessment tool designated Urban stream Assessment
system (UsAs; Ranta et al., 2021), based on the Millennium Ecosystem
Assessment (MEA, 2005) and the Common International Classification
of Ecosystem Services (CICES; Haines-Young and Potschin, 2018). This
ecological assessment tool (UsAs) was developed specifically for urban
streams and contemplates surveys of the several services provided by the
ecosystem (including Provisioning, Regulating and Cultural services
among others).

Despite the recognition of the importance of biodiversity and
ecosystem services in urban areas, there is a lack of studies that allows a
clear understanding of how one influences the other, which leads to
disagreements on the adequate management of urban freshwater eco-
systems (e.g. Evers et al., 2018; Murcia et al., 2014).

Thus, in this study, the overall objective is to assess the relationships
between biodiversity and ES, while characterizing them in urban
streams based on UsAs framework (Ranta et al., 2021). For that, we
investigate the relation between Provisioning, Regulating and Cultural
services and two important biological elements of aquatic communities
and bioindicators, the benthic macroinvertebrates and diatoms. We
assess community structure and composition and ES indicators of urban
streams with different urbanization degrees according to their imper-
viousness area. Specifically we investigate a) which is the type of rela-
tionship between urban biodiversity and ES (does biodiversity influence
negatively or positively the provision of ES?); b) which ES indicators are
more and less related with aquatic bioindicators (diatoms and in-
vertebrates), c) whether streams with enhanced biodiversity and better
ecological quality are able to provide more ES than those with worse
biodiversity and ecological quality, and d) how does the degree of ur-
banization influence biodiversity and ES? We hypothesized that 1)
specific ES are influenced by lower biodiversity and by urbanization
intensity, 2) aquatic communities and ecological quality can reflect
ecosystem services provision 3) urbanization affects biodiversity in
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proportion to its degree of influence in streams’ alterations.
2. Methods
2.1. Study area

In order to assess aquatic communities and the Ecosystem Services
(ES) we surveyed nine urban streams (uS) within river Mondego
catchment in Coimbra (central Portugal) (Fig. 1). The municipality of
Coimbra comprises an area of 319.40 km? with ca. 140 838 inhabitants
(ine.pt, 2021), located in both banks of river Mondego and is considered
the fourth-largest urban centre in the country. Geographically, Coimbra
region is influenced by a Temperate-Mediterranean climate alternating
between a cold, rainy season and a hot dry season with mean annual
precipitation ranging from 348.4 mm in winter and 71.6 mm in summer
and a mean monthly temperature from 10.1 °C (winter) to 21.3 °C
(summer) (IPMA, long data series at “https://www.ipma.pt/en/ocli
ma/series.longas/?loc=Coimbra/Geof%C3%ADsico&type=raw”.

The sampling sites of the urban streams are located up to a distance
of 8 km from the city centre and cover different watershed tributaries of
the main river Mondego (Fig. 1) presenting different degrees of urban-
ization (measured as soil % of imperviousness density; IMD) and envi-
ronmental conditions (Table 1; Fig. 2). Accordingly, less urbanized
stream sites (i.e. uS8 and uS9; Table 1; Fig. 2a,b) presented adjacent
margins of semi-continuous riparian vegetation composed by adult
trees, scrubs and rank vegetation, and were characterized with larger
areas of available land to natural floods (i. e., areas that can receive
water in high precipitation periods without causing damages in con-
structed areas), whereas more urbanized stream sites such as uS3, uS4
and uS5 (Table 1, Fig. 2c,d) presented extensive construction on the
banks, such as viaducts and roads and residential buildings, with little
riparian vegetation, mostly composed by invasive species (e.g. Arundo
donax) when present, and very reduced areas of available land to natural
floods.

2.2. Biological sampling and processing

For aquatic communities, we considered two important biological
indicators and representatives of different trophic levels, the benthic
macroinvertebrates and the microalgae diatoms (Almeida and Feio,
2012; Feio et al., 2021; Feio et al.,, 2022a). Sampling of macro-
invertebrates and diatom communities took place in November 2019 in
each sampling site (uS).

Macroinvertebrate samples were collected with a hand-net (500 pm
mesh size, 0.25 x 0.25 m opening) by kick sampling covering 6 x 1 m of
available habitats (organic and inorganic) (INAG, 2008a), and preserved
with 10% formalin. Macroinvertebrates were identified to the lowest
possible taxonomic resolution/level and counted. Identification, under a
stereomicroscope (magnification 60 x ), was mostly to genus level
except for Diptera (sub-family) and Oligochaeta (class).

Diatom samples were collected from the epilithic biofilms from the
upper surfaces of submerged stones (an area of ~100 cm?) by scraping
with a toothbrush and washed with running water (INAG, 2008b).
Samples were preserved with 10% formaldehyde and oxidised with ni-
tric acid and potassium dichromate. Thereafter, permanent slide mounts
in Naphrax® were prepared and a light microscope (100 x objective N.
A. 1.32) was used to count about 400 diatom valves per sample at
species or infra-specific rank.

2.3. Assessment of ecosystem services and environmental pressures data
collection

Field surveys for ecosystem services assessment in each sampling site
took place between November 2019 and June 2020 in order to minimise
seasonal variances in ES indicators, and were performed following the
Urban stream Assessment system (UsAs) methodology according to
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Fig. 1. Location of stream sampling sites (uS; N = 9; red circles) within the urban area of Coimbra, Portugal. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 1
Urban stream sampling site characterization.

Site code  Site Name Watershed (stream name)  Longitude (N)  Latitude (W)  Elevation (m)  Distance to source (km)  Soil imperviousness density - IMD (%)
uS1 Exploratério Vala Real —8.4278 40.19852 20 1.82 31.4
uS2 Estacao Cbr-B Ribeira de Gorgulhao —8.44123 40.22451 14 3.05 23.8
us3 Vale Flores Ribeira Vale das Flores —8.41946 40.19313 22 2.31 32.1
uS4 Eiras Rio Fornos —8.43666 40.25291 17 9.47 31.9
uS5 Mina Hospital ~ Ribeira de Coselhas —8.42732 40.21857 27 1.13 39.2
us6 Casa do Sal Ribeira de Coselhas —8.43703 40.21962 16 6.3 32.6
uS7 Sao Romao Ribeira de Coselhas —8.40295 40.2223 53 3.04 23.6
usS8 Covoes Ribeira de Covoes —8.46041 40.19112 74 1.97 16.9
uS9 Fornos Rio Fornos —8.42715 40.27697 19 9.44 12,5

Ranta et al. (2021). Briefly, this method incorporates a step-by-step
scoring system that can provide a final classification score for a selec-
tion of ES indicators (Table 2) that were surveyed within a segment
section of 100 m in each stream site. Accordingly, we surveyed ES
proxies/indicators for two main Provisioning services (i.e., water and
food supply), six Regulating services (i.e., climate regulation, flood
mitigation, air quality, water quality, carbon sequestration, and polli-
nation) and six Cultural services (i.e., education and cognitive devel-
opment, tourism and recreation, heritage and prestige, amenity and
aesthetic enjoyment, therapeutic services, and health and well-being)
(Table 2).

Urban stream sites (uS) were also characterized in terms of their level
of urbanization and physicochemical parameters. As an urbanization
measurement, soil sealing data (imperviousness density, IMD; mean %,
Table 1) was obtained by GIS (https://land.copernicus.eu/pan
-european) considering a buffer zone of 1 km radius from each stream
sampling site, comprising a surrounding area of approximately 3.14

km?. Accordingly, higher IMD values were assumed to reflect a greater
urbanization degree. Current velocity (m/s), water temperature (°C),
pH, conductivity (uS/cm) and dissolved oxygen (mg/L) were monitored
in situ at each stream site, in parallel with the biological sampling, using
portable meters (HANNA’s multiparameter probe HI 9812-5 and oxy-
gen probe HI98193, and FP101 Global Water Instrumentation digital
water velocity meter). Water samples were collected, preserved in
cooling boxes and later processed for analysis of nutrients (i.e., nitrate,
nitrite, ammonia, phosphate, total phosphorous, total nitrogen) and
total suspended solids (TSS; mg/L).

2.4. Data analysis

2.4.1. Biological and environmental characterization

Diversity indices (Shannon-Wiener, Margale'fs richness and Pielou’s
evenness) were used to characterize macroinvertebrate (MINV) and
diatom (DIAT) communities as a measure of biodiversity. To assess the
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Fig. 2. Satellite overview and correspondent site picture of representative urban stream sampling sites presenting an increasing urbanization gradient from low (uS9
- a, uS8 - b) to high (uS4 - ¢, uS3 - d) soil % of imperviousness density.
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Table 2

Ecosystem Services indicators/proxies for Provisioning (N = 7), Regulating (N
= 14) and Cultural Services (N = 23) surveyed in this study, according to the

UsAs tool (more details in Ranta et al. 2021).

Ecosystem
Services

Goods or services
provided

Indicator/proxy

Provisioning

®)

Regulating (R)

Cultural (C)

Water supply (WS)

Food supply (FS)

Climate regulation (Cl)
Flood mitigation (F)
Air quality (AQ)

Water quality (WQ)

Carbon sequestration (C)
Pollination (P)

Education and cognitive
development (Ed)

Tourism and recreation

(T)

Heritage and prestige

(H)

Amenity and aesthetic
enjoyment (A)

Therapeutic services

(Ther)

Health and well-being
(Hea)

Irrigation of crops

Groundwater recharge
Transversal connectivity (water from
channel to the margins)

Natural plants with a nutritional,
aromatic, medicinal value

Fish

Other aquatic animals with
nutritional value

Urban orchards

Air temperature variation

Air humidity variation

Flood capacity

Floodplain availability

Integrity of the riparian corridor
Lichen functional groups
Nutrients in the water

Tolerant invertebrates

Ecological quality

Total suspended solids
Acidification

Dissolved CO, in the water

Bees

Nectariferous plants

Distance from school to a stream
Distance to an urban stream from
home

Excursions by schools (annually)
Environmental volunteer projects to
rehabilitate and restore the stream
Scouts activity

Recreational fishing

Museums

Restaurants, cafes, shops

Touristic activity + water based
activities

Washhouses

Water wheel/mill

Historical bridges

Restoration projects by institutions
Naturalness of the streams

Open spaces with vistas, photopoints
Charismatic birds and mammals to
observe

Babbling of water

Birdsong

Calm and tranquil locations
Temporal getaway

Jogging, football, other sports
View to a stream from home/
workplace

Feeling of safety

biological quality of the sampling sites based on invertebrates and
diatom communities the official Portuguese index for Invertebrates
(IPtIS; Ferreira et al., 2008) and the diatom index IPS (Coste in CEMA-
GREF, 1982) expressed in Ecology Quality Ratios (EQRs) and corre-
sponding Ecological Quality Classes (High, Good, Moderate, Poor or
Bad) were calculated. All metrics and indices were determined using
AMIIB@software for MINV (AMIIB@n.d.) and OMINIDIA software for
DIAT (Lecointe et al., 1993). In addition, patterns in MINV and DIAT
communities’ distribution were analysed through non-metric multidi-
mensional scaling analysis (NMDS; Bray-Curtis dissimilarity; Log(x + 1)
transformed).

Correlation analyses (Pearson) were performed between IMD (proxy
of urbanization degree) and final score of ES for Provisioning, Regu-
lating and Cultural. A Principal Component Analysis (PCA) was per-
formed on indicators of ES_Provisioning, ES_Regulating and ES_Cultural
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(partial score per indicator) in order to summarize the sampling sites
regarding ES information.

2.4.2. Relationship between environment, services and aquatic biota

The relationship between the ES indicators and the aquatic com-
munity composition was analysed with BIOENV-BEST relating the spe-
cies abundance matrix to the Euclidean distance matrix of ES indicators.
BIOENV function also finds the best subset of environmental variables
(here the ES indicators), so that the Euclidean distances of scaled envi-
ronmental variables have the maximum (rank) correlation with com-
munity dissimilarities. As result, BIOENV analysis was used to obtain the
smallest sub set of ES indicators that better correlated with biological
communities.

Statistical and graphical analyses were performed using PRIMER 6 &
PERMANOVA + software (PRIMER-E Lda, Plymouth UK) (Anderson and
Robinson, 2001) and STATISTICA 8 software (Weil, StatSoft Inc., 2007).

3. Results
3.1. Biological characterization & ecological quality assessment

Macroinvertebrate (MINV) taxonomic identification resulted in a
total of 2546 individuals distributed by 39 families in the overall urban
stream sites. Among these, the number of families ranged from 4 (uS2)
to 22 (uS5 and uS8). Most abundant taxa were Diptera (24.7%, mainly
represented by Chironomidae and Simuliidae), Gastropoda (22.9%,
mostly the exotic Potamopyrgus antipodarium), Oligochaeta (20.7%,
represented at all sampling sites), and Ephemeroptera (15.8%,
comprising only Baetidae and a few Caenidae).

Biodiversity indices obtained for macroinvertebrates and diatom
communities are plotted in Fig. 3. Macroinvertebrate Margale'fs richness
ranged from 0.85 (uS1) to 3.50 (uS8), while diversity varied between
0.82 (uS2) and 2.09 (uS5). Pielou’s evenness ranged from 0.50, for both
uS3 and uS9, to 0.71 in uS7. Overall, sites with lower Diversity and
Richness of MINV (uS2 and uS1) reveal a tendency for medium (23.8%)
and higher IMD values (31.4%), with the exception of uS5, that pre-
sented high values for both biodiversity metrics (Diversity 2.09; Rich-
ness 3.11; Evenness 0.68) and urbanization (IMD 39.2%) (Fig. 3a).

Diatom community was represented by 111 species in the overall
study area. The number of species ranged from 16 (uS5) to 47 (uS6). The
most abundant species, totalizing 58% of the community, were also the
most frequent and included Amphora pediculus (Kiitzing) Grunow
(12.9%), Achnanthidium minutissimum (Kiitzing) Czarnecki (12.7%),
Eolimna minima (Grunow) Lange-Bertalot (9.3%) and Nitzschia palea
(Kiitzing) W. Smith (7.7%), in all 9 sites; Sellaphora seminulum (Grunow)
D.G.Mann (11.1%) and Planothidium frequentissimum (Lange-Bertalot)
Lange-Bertalot (4.3%) were present in 8 sampling sites.. All diatom
biodiversity indices presented the lowest values for uS5 and the highest
values for uS6, ranging from 2.48 to 7.62 for richness, 1.46 to 3.13 for
diversity and 0.53 to 0.81 for evenness. Urbanization degree presented
the lower value of IMD (12.5%) in uS9 (corresponding to high values for
DIAT biodiversity metrics) and the highest values in uS5 (39.2%), that
presented the lowest values of biodiversity metrics (Fig. 3b).

Focusing on macroinvertebrate communities, NMDS plot showed, as
expected, a clear segregation between uS classified with good/excellent
ecological condition (uS8, uS9, uS5) and the remaining sites with bad/
poor classifications according MINV ecological assessment (giving the
respective EQR values) (Fig. 4a). Pressure variables that contributed the
most for segregating sites with the better ecological condition classifi-
cation (Pearson correlations > 0.5), include dissolved oxygen (mg/L),
pH and flow velocity (m/s), while worst classified sites were correlated
with nutrients (i.e. nitrate, nitrite, ammonia, phosphate, total nitrogen,
total phosphorus; mg/L) and alkalinity (mg/L CaCOs).

Diatom community showed the same pattern as invertebrates,
segregating uS classified with “good” ecological condition (uS5, uS7,
uS8, uS9) from the remaining sites classified with “moderate” and “bad”
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Fig. 3. Biodiversity indices (Diversity of Shannon-Wiener, Richness of Margalef, Pielolis Evenness) obtained for macroinvertebrates (a) and diatoms (b) - left yy axis;
and soil imperviousness density (IMD, %) — right yy axis, for each sampling site (uS) within a buffer zone of 3.14 km?. Sites ordenation is displayed according

increasing IMD values.

(Fig. 4b). Accordingly, pH, flow velocity (m/s) and water dissolved
oxygen (mg/L) were correlated (Pearson correlations > 0.5) with
diatom communities responsible for the better ecological classification,
while nutrients (i.e. nitrate, nitrite, ammonia, phosphate, total nitrogen,
total phosphorus; mg/1), alkalinity, total suspended solids (TSS) and soil
imperviousness related with the worst classified sites.

Final ecological quality assessment classification based on both
bioindicator communities (macroinvertebrates and diatoms), according
to respective EQR values, showed that urban sites are classified as good
(uS5, uS8, uS9), bad (uS3, uS6, uS7) and poor (uS1, uS2, uS4).

3.2. Environmental pressure variables, ecosystem services and
urbanization

A wide range of values of water physical and chemical variables were
observed. The urban streams sampling sites showed different degrees of
organic and inorganic water contamination as inferred by the nutrient
concentration and parameters measured (Appendix A. Supplementary
data). Ammonia concentration in the water varied between 0.05 and
0.28 mg/L, nitrate concentration ranged from 4.20 to 13 mg/L and

phosphates varied between 0.01 and 0.11 mg/L. Dissolved oxygen
concentration in the water ranged from 5.63 to 11.09 mg/L, pH varied
between 7.25 and 8.81, while conductivity and TSS ranged from 281.5
to 569 mg/L and from 2.0 to 73.6 mg/L, respectively.

The Ecosystem Services final scores (%) based on the UsAs tool
(Ranta et al., 2021) assessment (Fig. 5), which took into account partial
scores given for all indicators/proxies considered (Table 2), varied be-
tween 25.0% (uS5) and 58.3% (uS4 and uS9) for Provisioning services,
45.8% (uS4) and 86.7% (uS8) for Regulating services, and 16.9% (uS5)
and 52.8% (uS1) for Cultural services.

Correlations (Table 3) showed a general trend for negative relations
between urbanization degree level (IMD) and ES. A moderate negative
correlation between soil imperviousness (IMD) and Provisioning
(Pearson, r = — 0.37) and Regulating (Pearson, r = — 0.50) services was
obtained.

When correlating IMD with biodiversity metrics, a weak correlation
was found, though presenting an overall negative relation between ur-
banization and biological communities.

A Principal Component Analysis (PCA) on ecosystem services in-
dicators displaying the pressure variables (normalized) in uS
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Fig. 4. Two-dimensional non-metric Multi-Dimensional Scaling (NMDS) ordination of macroinvertebrate (a) and diatom (b) communities in the urban streams sites
(uS) displaying the ecological quality classification based in the EQR and projecting the environmental parameters better correlated with the NMDS axes (Pearson

correlations > 0.5).

distribution is presented in Fig. 6. The PCA performed on ES indicators
yield a first and second axis that explained 35.9% and 20.4%, respec-
tively of the total variability (56.3%). Accordingly, three sampling sites
were grouped (uS1, uS2, uS6) and segregated from the remaining ac-
cording to their ES indicators, related with Provisional services (P) in-
dicators for water supply (WS; by groundwater recharge and by
transversal connectivity) and food supply (FS; by other aquatic animals
with nutritional value), and also relating with Cultural services (C)
amenity and aesthetic enjoyment proxy (A; open spaces with vistas,
photopoints). Looking at the overlap of pressure variables on the ES
values for sampling sites in Fig. 6, it’s perceptible that sites with lower
ES scores are better related with higher water nutrient concentrations (e.
g., ammonia, total phosphorus, nitrate, nitrite) and % IMD in opposition
to lower pH and dissolved oxygen concentration (DO).

3.3. Relating bioindicators & ES

The BIOENV analysis used to investigate the relationship between

aquatic biota communities and ES, indicates that aquatic community
composition is associated to a combination of different ES indicators
(Table 4). Accordingly, the most important ES in the relationship with
macroinvertebrate communities were 4 Provisioning indicators (related
to water and food supply) and 7 Regulating indicators (correlations 0.65
and 0.76 respectively; p < 0.05; Table 4). Specifically, indicators for
provision services were: “Transversal connectivity” (water supply);
“Plants with a nutritional, aromatic, medicinal value”, “Fish” and “Other
aquatic animals with nutritional value” (food supply). As for diatoms,
BIOENYV selected 8 indicators of Regulating services (r = 0.6; p < 0.05)
that were best correlated with these communities. Both macro-
invertebrate and diatom communities were associated to Regulating
Services of climate regulation, flood mitigation, water quality and
pollination (assessed by the shared indicators “Air humidity variation”,
“Flood capacity”,”Tolerant invertebrates”, “Ecological quality”, “Acidi-
fication”, “Nectariferous plants”; Table 4).
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Fig. 5. Final scores (%) of Provisioning, Regulating and Cultural ecosystem
services (ES) based on the UsAs tool (Ranta et al., 2021) on the left yy axis and
soil imperviousness density (IMD; %) on the right yy axis for the urban stream
sites (uS) assessed. SitesS ordenation is displayed according increasing
IMD values.

Table 3

Correlations (Pearson, r) between urbanization degree level as soil impervi-
ousness (IMD; %) and Ecosystem Services final scores (ES_Provisioning, ES_Re-
gulating, ES_Cultural) and biodiversity metrics (Shannon-Wiener diversity,
Margalefs richness and Pielou’s evenness) for macroinvertebrate (MINV) and
diatom (DIAT) communities.

Imperviousness density (IMD)
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4. Discussion

River and stream ecosystems within cities have a great potential in
providing important ES to their inhabitants (Elmqvist et al., 2015;
Grimm et al., 2008; Haase, 2015) and can host a high richness and di-
versity of flora and fauna (e.g. Aronson et al., 2014; Ives et al., 2016)
despite the “urban stream syndrome” (sensu Walsh et al., 2005), that
often translates into soil imperviousness, pollution, flash floods, lack of
riparian vegetation (Miller et al., 2014; Walsh et al. 2005). Our results
go beyond the state of the art by demonstrating that biodiversity and
aquatic communities influence positively the provision of ES, namely
Regulating and Provisioning services of urban stream ecosystems.

4.1. Biological communities and ecological quality assessment

An enhanced urban biodiversity is intricately related to city sus-
tainable development and human wellbeing (Kowarik et al., 2020).
Accordingly, our findings showed that stream sites with the better
ecological condition and biodiversity in urban context also presented a
potential high delivery for Provision and Regulating services alongside
with lower urbanization as impervious area, as initially hypothesized.
Moreover, our study sites impervious area correlated negatively with
Provisioning and Regulating services that potentially can be delivered.
In accordance, the decrease of ES due to land use conversion towards
urbanized areas (e.g. Crespin and Simonetti, 2016; Ekka et al., 2020;
Mendoza-Gonzalez et al., 2012; Tianhong et al., 2010; Yi et al., 2017;
Zhang et al, 2022) has been commonly reported in developing
countries.

As expected, and given the ability of the sampled communities as

ES_Provisioning -0.37
ES_Regulating -0.50 reliable indicators of biological condition of waterbodies including ur-
ES_Cul_tural 0.04 banized ecosystems (e.g. Chen et al., 2016; Serra et al., 2019; Walsh
Diversity r::r;’ *8'(2)‘2" et al., 2006), MINV and DIAT reflected the ecological quality of urban
Richness MINV 021 sites corroborating environmental parameters measured. Regarding the
DIAT _0.23 community structure and ecological quality, our main findings showed
Evenness MINV 0.20 that both biological indicators exposed a clear discrimination between
DIAT —0.16 sites classified with better ecological condition correlated with dissolved
oxygen and pH, from sites classified with worse ecological condition that
were mostly correlated with nutrients. Sites with better ecological
2_
usS4
o
14
N
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o Water Temp
o
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o
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Fig. 6. Principal Component Analysis (PCA) on the distribution of ecosystem services indicators (e) in urban stream sites (uS; N = 9) with overlapping vectors of

pressure variables (normalized; Pearson correlations above 0.2).
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Table 4

Results of BIOENV analysis showing the best Ecosystem Services (ES_Provi-
sioning, ES_Regulating, ES_Cultural) indicator variables related to the patterns in
macroinvertebrate (MINV) and diatom (DIAT) communities (rank correlation
Spearman).

Variable combinations;
indicators*

BIOENV Rank p-
correlation value

MINV  ES_Provisioning  0.650 0.004  P_WS_Transversal
connectivity;

P_FS_Plants with a
nutritional, aromatic,
medicinal value;
P_FS_Fish;

P_FS_Other aquatic animals
with nutritional value.
R_ClLAir humidity
variation;

R_F_Flood capacity;
R_AQ_Lichen functional
groups;

R_WQ_Tolerant
invertebrates;
R_WQ_Ecological quality;
R_WQ _Acidification;
R_P_Nectariferous plants.

ES_Regulating 0.763 0.002

ES_Cultural 0.311 0.918

DIAT ES_Provisioning  0.421 0.132 -
ES_Regulating 0.597 0.014  R_CLAir temperature
variation;
R_CL Air humidity
variation;
R_F_Flood capacity;
R_WQ_Tolerant
invertebrates;
R_WQ_Ecological quality;
R_WQ_Acidification;
R_C_Dissolved CO; in
water;
R_P_Nectariferous plants.
ES_Cultural 0.514 0.377

*Indicators - Provisioning: water supply (P_WS) and food supply (P_FS); Regu-
lating: climate regulation (R_Cl), flood mitigation (R_F), air quality (R_AQ),
water quality (R_WQ) and pollination (R_P).

condition (namely uS8 and us9) were also characterized by a high po-
tential of ES supply, which is in agreement with the study of Grizzetti
et al. (2019) showing higher ES delivery mostly correlated to better
ecological condition.

In general, urban streams associated with the city of Coimbra, were
characterized by a relatively lower diversity (1.34 + 0.46; mean + SD)
of macroinvertebrates but a higher richness (1.78 + 0.95), when
compared with non-urban streams in the same region and season (2.21
+ 0.57 and 1.03 + 0.36 for diversity and richness, respectively; Graca
et al., 2004). This can reflect the potential for urban or novel ecosystems
to support a diverse biological community, sometimes even higher than
of reference state (Evers et al., 2018). However, this is often due to a
noteworthy abundance of tolerant species (i.e. Chironomidae, Oli-
gochaeta and Baetidae) and exotic specimens (Gastropoda Potamopyrgus
antipodarium), which is in linewith other studies showing that disturbed
and impacted sites, as streams in urbanized context, subsidy the prev-
alence of such communities (Serra et al., 2019, Vermonden et al., 2009).
For diatom communities, the most represented taxa (displaying overall
higher relative abundances and frequency) are generally considered
cosmopolitan and near ubiquitous in continental waters (Potapova and
Charles, 2002) and commonly found in a wide range of urbanized en-
vironments (e.g. Chen et al., 2016; Teittinen et al., 2015; Walker and
Pan, 2006). Nevertheless, diatom diversity and richness were lowest in
the most urbanized site (uS5) and high in the least urbanized site (uS9).
Despite the unexpected highest diversity and richness for one of the most
urbanized sites (uS6), the most abundant diatoms at uS6 are very
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tolerant to aquatic degradation indicating high levels of nutrients and
organic contamination (ie. Nitzschia palea, Eolimna minima, Navicula
veneta). The occurrence of nutrients in the water promotes the growth of
primary producers in general, including diatoms, which may explain the
high number of species and diversity registered. In fact, Leira et al.
(2009) refer that nutrient-rich lakes were generally more taxonomically
diverse than less eutrophicated ones.

4.2. Urbanization, biological and ES indicators

The assessed urbanization metric (i.e. IMD) assigned a high degree of
urbanization to 5 of the sites studied (out of 9), which can explain the
biological aquatic communities found (e.g. high abundance of tolerant
and exotic macroinvertebrate species and relatively low diversity; high
abundance of tolerant diatom species). Although most correlations
found were not statistically significant, probably due to the low number
of samples (uS N = 9), we cannot overlook the overall negative corre-
lations between soil surrounding impervious area (proxy of urbaniza-
tion) and both ES (mainly Regulating and Provisioning) and
biodiversity.

Urbanization is greatly related with the artificialization of land use
with imperviousness and soil sealing, which naturally impose limita-
tions into supporting riparian vegetation. Previously, Cao and Natuhara
(2020) identified the proportion of impervious surface in artificial
habitats, as the strongest predictor for the variation in species richness,
associating it to the richness of alien, native, and riparian species. The
integrity of riparian corridors, and their composition is well known as a
major key to stream ecosystem functioning and habitat availability
supporting more diverse aquatic communities as diatoms and macro-
invertebrates (Allan, 2004; Mesa, 2014; Mutinova et al., 2020; Rios
et al., 2006), that can support a better global ecological quality.
Accordingly, our findings also showed that urban stream sites with
better ecological classification given by bioindicators’ assessment (i.e.
uS8 and uS9), corresponded to sites presenting less urbanization given
by lower soil impervious values, with the exception of uS5 (classified
with “excellent” ecological quality by MINV and classified as “good”
ecological quality by DIAT but showing the highest density of impervi-
ousness). This can be related with local stream features, since uS5
particularly presented a relatively semi-continuous riparian corridor
and in stream habitat variability with different substrate types (e.g.
cobbles, gravel, clay, macrophytes, underwater tree roots) and fast flow
velocity with turbulence and good oxygenation (supplementary material
table S1). In this specific case, urbanization effects on the biota seemed
to be mitigated due to enhanced hidromorphological characteristics of
the site.

We also found that macroinvertebrate communities related specif-
ically with indicators for water and food supply (Provisioning), climate
regulation, flood mitigation, air and water quality, and pollination
(Regulating), while diatom communities only correlated to Regulating
indicators of climate regulation, flood mitigation, water quality and
pollination. Moreover, urban stream sites displaying higher biodiversity
obtained higher scores of mainly Regulating ecosystem services, but also
Provisioning, confirming that a biodiverse urban environment generates
and supports a broad array of ecosystem services (Haase et al., 2014).

Some of these relationships are easier to explain than others. For
example, biological indicators link with water quality is well-established
as both diatoms and macroinvertebrates are known to be affected by
water pollution and river impairment (e.g. Calapez et al., 2019; Tornés
et al., 2018). Moreover, these communities are at the basis of riverine
food chains, being primary producers (i.e. diatoms) and primary con-
sumers (i.e. invertebrates herbivores), and being themselves a food
source for higher trophic levels, either for fish or even for humans, such
as the bivalves or crayfish. Thus, their presence can be related to the
ability of a stream to provide food supply. On the other hand, many
benthic invertebrates depend on the presence of riparian vegetation, as
one of their most important trophic groups are the shredders that
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decompose fallen leaves and wood from the riparian trees being key
players in the ecosystem functioning through the decomposition of leaf
litter (Graca, 2001). The presence of full corridors of riparian vegetation
in the riverine banks is an important factor for the service of climate
regulation, increasing the humidity and decreasing the air and water
temperature in hot days (Riis et al., 2020; Trimmel et al., 2018).
Simultaneously, this vegetation improves the air quality by sequestering
carbon and pollutants and releasing oxygen (Dybala et al., 2019; Riis
et al., 2020). An enhanced riparian vegetation may also include nec-
tariferous plants which will promote the presence of pollinators. Finally,
when a floodplain is available, the presence of riparian vegetation is
more likely, and therefore, more water infiltrating in the soils and
feeding the streams along with better water quality due to the retention
of fine sediments and pollutants before their entry into the streams
(Dosskey et al., 2010; Nakamura and Yamada, 2005). All these functions
associated to riparian vegetation will promote more diverse invertebrate
and diatom communities contributing to improve ecosystem biodiver-
sity (Naiman et al., 1993). Indeed, more biodiverse urban ecosystems,
are also expected to sustain people’s connection to nature, provide areas
for relaxation or physical activity near homes, promoting their physical
and mental health (Feio et al., 2022b; Ives et al., 2017; Jimenez et al.,
2021). Yet, in this study, Cultural services did not show a clear relation
with biodiversity or the urbanization metric. That could be mainly for
two reasons: 1) some indicators of Cultural services are more based in
the potential that the urban stream sites have to supply given services
than to the quality of the ecosystems (for example, number of houses or
cafes with a view to a stream — aesthetic value; or number of schools
within 1 km distance — potential of using the stream for environmental
education); and 2) some indicators, for example those related to health
and well-being that measure the possibility of playing sports in the
streams, can also be valuing the eventual presence of artificial struc-
tures, such as cycle paths or sports fields which occupy floodplains and
are often constructed with impervious or semi-impervious materials but
that have a negative impact on the ecosystem. These are examples of
potential conflicts of interests between nature preservation and Cultural
services, which are especially relevant in urban areas and that deserve a
special attention to avoid promoting further degradation of the ecosys-
tems. As a matter of fact, while some defend that the concept of
ecosystem services reconnects society to ecosystems, others also point
out that it may conflict with biodiversity conservation objectives
(Schroter et al., 2014). These conflicts have been addressed in the
literature but mostly for larger rivers, regarding the redevelopment of
waterfronts or the management of dams, where the land ownership,
heritage and cultural, social and environmental justice and environ-
ment, and resilience are indicated as the main challenges to be
addressed (e.g. Avni and Teschner, 2019; Jorda-Capdevila and Rodri-
guez-Labajos, 2015). Here we defend that given the high potential of the
urban streams to bring nature into cities and to provide Provisioning and
Regulating services, a greater emphasis should be given to the ecosystem
preservation, accepting only the promotion of Cultural services that do
not conflict with biodiversity preservation, considering the great impact
that grey infrastructures have on these fragile ecosystems. For example,
urban stream ecosystems in better condition could promote a higher
social justice, as these constitute small natural areas accessible to all,
from younger to older adults, and could bring additional value to houses
located in lower income and neglected neighbourhoods.

4.3. Conclusions

According to our main findings, it is possible to infer that urbani-
zation can affect communities in proportion to its degree of influence of
alterations in streams. As initially hypothesized, this study found that
the sites imperviousness density (proxy of urbanization) was negatively
related with urban streams’ potential for providing Ecosystem Services,
especially Provisioning and Regulating services. Moreover, this study
confirmed that aquatic communities and ecological quality can reflect
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ecosystem services provision in urban context, and such relationship
depends on specific ES indicators mainly for Provisioning and Regu-
lating services, though further research is needed. Also, a lower urban-
ization land-use is positively related to a higher biodiversity and a
higher potential of streams to supply Provisioning and Regulating ser-
vices. The effects of highly impervious areas surrounding the water-
courses (proxy of high urbanization) on biota, may be softened in some
extent to improved hydromorphological conditions, mainly related with
riparian vegetation integrity and instream habitat heterogeneity.
Nevertheless, additional assessment of relationships between biota and
ES is important, and should include other biological groups, key in-
habitants of these ecosystems (e.g. fish, aquatic and riparian vegetation,
fungi, amphibians, birds, etc).

The use of Urban stream Assessment system (UsAs; Ranta et al.,
2021) in this study was found to be a simple and standardized tool for
surveying a great amount of services supplied by these ecosystems
resulting in a broad characterization (and comparable) of each stream
site. By providing intermediate and final scores of the diverse indicators
and Ecosystem Services, it allowed for a simplified demonstration of a
complex reality of an urban stream, with great potential for adaptability
and comparisons between urban stream ecosystems worldwide.

Overall, our results support the need to protect and rehabilitate
(whenever possible) urban river ecosystems as green and blue solutions
for the sustainability of cities. And while our study has demonstrated the
relationship between biodiversity and Provisioning and Regulating
services, care must be taken when considering Cultural services, as the
enhancement of some of the latest may lead to further artificialization.
Participatory approaches engaging local stakeholders should be used to
clarify the nature of conflicts and assure the conservation of urban
aquatic ecosystems (e.g. Brummer et al., 2017; King et al., 2015).
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