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ecological impact, these analyses are frequently completed or replaced by impact studies communities
living in freshwater ecosystems (requiring biological indices), ecotoxicological studies, etc. Thus, different
monitoring strategies have been developed over recent decades aimed at evaluating the impact of the
pollution brought by urban wet weather discharges on the biocenosis of receiving aquatic ecosystems.

gfg:gl:)d:i's The purpose of this review is to establish a synthetic and critical view of these different methods used, to
Biological indices define their advantages and disadvantages, and to provide recommendations for futures researches.
Biosensor Although studies on aquatic communities are used efficiently, notably on benthic macroinvertebrates,
Ecotoxicity they are difficult to interpret. In addition, despite the fact that certain bioassays lack representativeness,
Micropollutant the literature at present appears meagre regarding ecotoxicological studies conducted in situ. However,
Urban wet weather discharge new tools for studying urban wet weather discharges have emerged, namely biosensors. The advantages

of biosensors are that they allow monitoring the impact of discharges in situ and continuously. However,
only one study on this subject has been identified so far, making it necessary to perform further research
in this direction.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

It is now acknowledged that growing urbanisation has a major
environmental impact (Paul and Meyer, 2001), whether on hy-
drology, physico-chemistry or the biology of aquatic ecosystems
(Stearman and Lynch, 2013). One major type of urban pollution
which remains relatively ignored by the public authorities is urban
wet weather discharges. These stem in particular from the atmo-
sphere (Gunawardena et al., 2013) and water running off imper-
vious surfaces in urban areas (roads, roofs, etc.) (Gobel et al., 2007)
which are undergoing constant expansion (Foster, 2001). Thus
rainwater is returned to the natural environment with or without
still limited treatments (retention ponds, infiltration basins, bio-
filtration systems, reed-bed systems, etc.), because of the important
volume to treat. Furthermore, rainwater is subject to other forms of
urban contamination. Chocat et al. (2007) described urban wet
weather discharges (UWWD) as all the water discharged by
sewerage installations (mixture of treated wastewater and rain-
water), by combined sewer overflows (CSO) (mixture of non treated
wastewater and rainwater), and stormwater outfalls (generally non
treated rainwater), during a rain event and the dry period following
it.

Pollution by urban wet weather discharges is therefore complex
due to the diversity of catchments and human activities, and sig-
nificant concentrations of macro and micropollutants. Weibel et al.
(1964) and Burm et al. (1968) were the first to focus on the physico-
chemical nature of urban wet weather discharges. Many studies
have since been devoted to their characterisation and they
permitted highlighting the diversity of pollutants they contain
(House et al., 1993; Pitt et al., 1995; Mulliss et al., 1997; van Buren
et al., 1997; Admiraal et al., 2000; Lee and Bang, 2000; Lee et al,,
2002a,b; Chebbo and Gromaire, 2004; Gasperi et al., 2008 or
Curren et al., 2011). They can, in many cases affect adversely water
utilisation (drinking fishing, bathing, etc.). The presence of mole-
cules featuring in the list of priority organic pollutants established
by the European directives was detected in urban wet weather
discharges. The presence of Polycyclic Aromatic Hydrocarbons
(PAHs) was detected by Hwang and Foster (2006), Terzakis et al.
(2008), Zgheib et al. (2011), Kalmykova et al. (2013), diethylex-
ylphtalate by Bjorklund et al. (2009), Zgheib et al. (2011), 4 non-
ylphenol by Bjorklund et al. (2009), Zgheib et al. (2011), and
bisphenol A and alkylphenolethoxylate by Cladiere et al. (2012).
Deffontis et al. (2013) also detected traces of hormones, the pres-
ence of which had already been revealed in river water by Pailler
et al. (2009) and Peng et al. (2008). Other families of micro-
pollutants like heavy metals (copper, lead and zinc, etc.), poly-
chlorobiphenols (PCBs), pesticides, and phthalates have been
detected too. The inventory of all these micropollutants has led to
characterising urban wet weather discharges as highly complex
chemical cocktails. This pollution is also subject to considerable
variability (Kafi et al., 2008) due in particular to surfaces leached by
rain, considerable variations of runoff flows through time and cli-
matic conditions prior to rain events. Thus characterising urban wet
weather discharges is complicated due to the intermittent release
of micropollutants during rainfall events (Karlaviciené et al., 2009).
The pollution transported by urban wet weather discharges is also

biological, with the inflow of many bacteria (such as Escherichia coli,
the enterococcus, faecal coliforms, etc.) (Jeng et al., 2005; Parker
et al, 2010). The same problem of variability has been high-
lighted for bacterial contamination as for chemical contamination
(McCarthy et al., 2012). Urban wet weather discharges are therefore
the source of substantial sanitary and environmental risks.

In order to monitor the quality of the discharges, different pa-
rameters have to been studied. It is important to observe these
parameters as they are liable to have a major impact on the living
conditions of the organisms living in aquatic receiving ecosystems.
Many studies have focused on erosion phenomena in rivers, on the
basis of Biochemical Oxygen Demand (BOD), Chemical Oxygen
Demand (COD), Total Suspended Solids (TSS), pH, and total con-
centrations of phosphates, nitrates and ammonia (Mulliss et al.,
1997; Chebbo and Gromaire, 2004; Kafi et al., 2008; Lee and
Bang, 2000; Mallin et al., 2009). The biological component (espe-
cially the inflow of faecal bacteria) has also been studied (McLellan,
2004). Massive inflows of ammonia were observed at contaminated
sites (Mulliss et al., 1997), as well reductions of the concentration of
dissolved oxygen in certain environments. Stormwater is the main
vector of underground contamination by nitrogen and phospho-
rous (Lee et al., 2003; Wakida and Lerner, 2005). Monitoring these
different parameters is important as they play an essential role in
the survival of aquatic species. Indeed, concentrations of ammonia
and dissolved oxygen in water are the leading causes of mortality in
fish in environments contaminated by urban wet weather dis-
charges (Magaud et al., 1997). In addition, a reduction of dissolved
oxygen leads to an increase in the sensitivity of certain fish to
micropollutants such as heavy metals (Lloyd, 1961). It has also been
shown that suspended particles play a fundamental role in the toxic
impact of urban discharges (Tsui and Chu, 2003; Angerville, 2009).
This can be explained by the fact that some of the micropollutants
contained in urban wet weather discharges are adsorbed on the
surfaces of particles, and predominantly found in this phase. A large
amount of studies described this phenomenon, as Gasperi et al.
(2008), Zgeib et al. (2011) or Li and Zuo (2013). If this one is
particularly true for pollutants such as heavy metals, PAHs, PCBs
(100% particle-bound in the study of Zgheib et al. (2011)), or
phthalates, it has also been observed pesticide, heavy metals,
alkylphenols, organotins or PAHs residues, in the dissolved phase of
urban wet weather discharges (Zgheib et al., 2011), generally with
weaker concentrations.

However, taken alone, these parameters are insufficient to
evaluate the ecological impact of urban wet weather discharges. It
is therefore necessary to carry out studies on the biological com-
munities through bioassays in situ and in the laboratory in order to
evaluate the stress on populations exposed to wet weather dis-
charges (Burton et al., 2000).

In Europe, the chemical analyses performed are often compared
to environmental quality standards (EQS) that are threshold values
used to determine the good quality of rivers receiving rainwater, as
it was done, for example, by Zgheib et al. (2011). However, the
ecological impact of urban wet weather discharges cannot be
evaluated only in comparison to these standards and a more in-
clusive view of the impact is needed (Novotny and Witte, 1997).

Due to global urban expansion, urban wet weather discharges
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could have a deleterious impact on numerous aquatic areas and
different water bodies. For example, effects have been observed in
lotic aquatic environments (Custer et al., 2006; Scholes et al., 2007,
Casadio et al., 2010; Gillis, 2012), underground environments
(Foulquier et al., 2009, 2011), lacustrine environments (Hatch and
Burton, 1999) and marine environments (Schiff and Bay, 2003;
Roberts et al., 2007). Furthermore, all the trophic levels in these
aquatic ecosystems (producers, decomposers, primary and sec-
ondary consumers) are potentially affected (Miltner et al., 2004;
McQueen et al., 2010; Tang et al., 2013). The organisms living in
waste water treatment plants (especially in infiltration basins) are
also affected (Bartlett et al., 2012a, 2012b). Animal and plant species
in the water column are not alone in being contaminated, since the
deposits of particles contained in urban runoff, in rivers or in
discharge treatment infrastructures leads to severe contamination
of benthic species (such as annelids) (Schiff and Bay, 2003). Urban
wet weather discharges therefore constitute a complex matrix for
study due to their variable composition and the diversity of or-
ganisms and sites affected.

In Europe, the Urban Wastewater Directive (91/271/EEC) re-
quires the management of urban wet weather discharges, though
the means are relatively limited (mainly retention and/or infiltra-
tion basins), notably due to the large volumes that have to be
treated. Furthermore, the European Water Framework Directive
(WFD, 2000/60/EC) requires maintaining the good ecological status
of water bodies exposed to such large volumes of discharges. To
achieve this, it is important to implement effective monitoring
methods to ensure compliance of the quality of aquatic environ-
ments. As expressed before, chemical analyses alone are not suffi-
cient to evaluate water quality (Mankiewicz-Boczek et al., 2008),
and thus the impact of urban wet weather discharges on the
environment. Laboratory bioassays (algae and daphnia tests, etc.)
are often chosen as they require few resources, they are relatively
fast and simple to implement (Blaise, 1991), and they are sensitive
and sufficiently repeatable (Marsalek et al., 1999b). Methods
combining both approaches, the “Toxicity Identification Evalua-
tion” (TIE), have been developed to help understand the action
mechanisms of the most prevalent families of pollutants respon-
sible for the toxicity of urban wet weather discharges (Gersberg
et al, 2004; Custer et al., 2006). However, analyses that better
integrate the variability of discharges, such as in situ studies, pro-
vide more realistic views of the consequences of exposure to urban
wet weather discharges on an aquatic ecosystem (Burton et al.,
2000); however, they remain to be developed (caging, biosensors,
etc.).

The purpose of this review is therefore to take stock of all the
techniques currently used to study the impact of pollution brought
by urban wet weather discharges on the biocenosis of receiving
aquatic ecosystems. To this end, the following are described and

Combined effect

Single substance Sibitinee Single-species Multi-species
approach =pproach approach approach
Copper, ... Copper+Diuron, ... . ...

Ecotoxicological significance
Complexity of interpretation

Fig. 1. Substance and matrix approaches for studying the biocenotic impact of urban
wet weather discharges (modified, according to Angerville (2009)).

discussed: (i) the different biological indices, ecotoxicological bio-
assays and a priori approaches used to evaluate the impact of dis-
charges on contaminated aquatic organisms; (ii) a critical appraisal
of these often used methods; and lastly, (iii) the need to turn to new
methods that take better account of the variation of the quality of
receiving environments and which permit the rapid acquisition of
information on the impacts of discharges, such as prediction/pre-
vention tools that can be used before the damage caused does not
jeopardise the survival of ecosystems.

2. Evaluation of the pollution impact of urban wet weather
discharges on biocenosis

This study considers contamination by combined sewer net-
works and by separate sewer systems, that in particular drain urban
and road flows in urban and outer-urban areas, during wet weather
events only. Moreover, all the potential receiving environments are
considered (whether freshwater, seawater or artificial environ-
ments such as infiltration basins with their own biocenoses).

The evaluation of the ecological impact on the biocenose re-
quires studying the effect of pollutant matrixes on the organisms
present in contaminated aquatic environments. Evaluating the
impact of urban wet weather discharges, and more particularly
ecotoxicological impacts, can be approached in two different ways:

o The first is known as the “substance approach” (Fig. 1). It is often
associated with a chemical analysis of a sample studied to
determine the most prevalent pollutants, and as a function of
the ecological pertinence, their risk, bioavailability, and whether
or not they can be chosen as risk tracers. It then entails studying
the impact of these risk tracers on key organisms. The impact of
these pollutants is often assessed by laboratory tests that expose
these organisms to a range of pollutant concentrations, or by
acquiring data from international databases (BDI). There are
several sub-types of substance approach: simple substance ap-
proaches, where only one pollutant is taken into account, and
combined effect substance approaches where several pollutants
are tested in mixtures (Perrodin et al., 2011). Although this
approach is often used only for relatively well-known matrixes
in which only a few toxic substances predominate, urban wet
weather discharges have already been the subject of such
studies. Mention can be made of the approach used by Oulton
et al. (2014) who studied the impact of zinc present in urban
wet weather discharges on the foraging behaviour of Paratya
australiensis. One of the main criticisms levelled at the substance
approach is the lack of representativeness of the tests performed
in comparison to reality in the field. Indeed, since the matrixes
discharged represent complex mixtures of all families of mole-
cules, synergetic, antagonistic or additive effects may occur
between them. This was shown in particular by Angerville
(2009).

e The second is the “matrix approach” (Fig. 1), which is a much
more realistic approach in relation to the matrix and the sce-
narios studied. The tests are then carried out on the whole
matrix to be studied and not on one or several selected mole-
cules, by exposing organisms to a range of effluent concentra-
tions (Perrodin et al., 2011; Orias and Perrodin, 2013). In this
case, the impact observed takes into account the synergetic,
antagonistic and additive phenomena of the pollutants present.
However, it is then much more difficult to determine which
pollutants are responsible for the impact observed and their
share of responsibility in the effects observed (Orias and
Perrodin, 2013). It is nonetheless recommended to perform
chemical analyses to determine the pollutants most present in
order to determine the causes of the toxicity observed. As with
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Table 1
Identification of the studies using biological indices for urban wet weather discharges ecological impact assessment.
Approach  Toxic matrix Contaminated water Studied community Indices used Author
Matrix Combined sewer overflows Coastal marine water Macro-invertebrates (subtidal Species relative abundance; Armstrong et al., 1980
fauna) Polychaeta, Mollusca and
Arthropoda richness,
abundance, and biomass;
Dissimilarity; Polychaete
feeding type proportion
Matrix Urban wet weather discharges  Freshwater (river) Macro-invertebrates (benthic Species diversity (Brillouin Pratt et al., 1981
(combined sewer overflows fauna) index); Hierarchical diversity;
and urban stormwater runoff) Major taxa composition;
Dissimilarity
Matrix Urban stormwater runoff Freshwater (river) Macro-invertebrates (benthic Species diversity (Brillouin Medeiros et al., 1983
fauna) index); Population density
Matrix Urban stormwater runoff Coastal marine water Macro-invertebrates (intertidal ~ Species abundance Roper et al., 1988
mudflat fauna)
Matrix Urban wet weather discharges  Receiving water (zoo- and phyto-) Plankton Biomass (chlorophyll-a Gast et al., 1990
(combined sewer overflows (river, ponds, etc.) concentration); Species
and urban stormwater runoff) diversity; Saprobic level
Matrix Urban wet weather discharges  Receiving water Macro-invertebrates (benthic Taxa richness; Relative Willemsen et al., 1990
(combined sewer overflows (river, ponds, etc.) fauna) abundance of taxa
and urban stormwater runoff)
Algae (diatoms) Relative abundance of taxa;
Trophic level; Saprobic level
Matrix Urban stormwater runoff Freshwater Macro-invertebrates (benthic Hilsenhoff family-level biotic Masterson and
(creeks and rivers) fauna) index; EPT (Ephemeroptera, Bannerman, 1994
Plecoptera, Trichoptera) index;
EPT/Chironomidae abundance;
Taxa richness
Matrix Urban motorway runoff Freshwater (streams) Macro-invertebrates (benthic Relative abundance; Diversity Maltby et al., 1995a
fauna) (log series index and modified
Sorenson index); Biological
Monitoring Working Party
(BMWP) score; Average score
per taxon (ASPT); Family
richness
Fungi (aquatic hyphomycetes) Species Relative importance
values (RIV); Diversity (log
series index and modified
Sorenson index); Similarity
index
Algae Sampled genera; Diversity (log
series index and modified
Sorenson index); Biomass
(Chlorophyll-a concentration)
Matrix Combined sewer overflows Coastal marine water Macro-invertebrates (benthic Organisms abundance; Species ~ Hall et al., 1998
and freshwater (river) fauna) richness
Matrix Urban land use (associated to Freshwater (little Algae (Epilithic and epiphytic Genus and species richness; Sonneman et al., 2001
urban impervious surfaces and  streams) benthic diatom) Relative abundance
urban stormwater runoff)
Matrix Urban land use (associated to Freshwater (little Macro-invertebrates (benthic Ephemeroptera, Plecoptera and Walsh et al., 2001
urban impervious surfaces and  streams) fauna) Trichoptera (EPT) richness
urban stormwater runoff)
Matrix Urban land use (associated to Freshwater (streams) Fishes Fish abundance; Species Wang et al., 2001
urban stormwater runoff) richness; Diversity (Shannon
index); Index of biotic integrity
(IBI)
Matrix Urban land use (associated to Freshwater (streams) Macro-invertebrates (benthic Generic and species richness; Stepenuck et al., 2002
urban stormwater runoff) fauna) Diversity (Shannon Wiener
index); Biotic index (BI);
Ephemeroptera, Plecoptera,
and Trichoptera pollution
intolerant individuals; Feeding
groups proportion (Filterers,
Scrapers, Shredders, Collectors,
Gatherers); Pollution tolerance
(Hilsenhoff biotic index)
Matrix Urban stormwater runoff Coastal marine water Macro-invertebrates (benthic Number of taxa; Total and Morrisey et al., 2003
(estuaries) fauna) relative abundance of taxa
Matrix Urban stormwater runoff Coastal marine water Macro-invertebrates (benthic Total and mean taxa abundance  Schiff and Bay, 2003

fauna)

and biomass; species richness;
Diversity (Shannon—Wiener
index); Evenness (Pielou's
index); Benthic Response Index
(BRI)

(continued on next page)
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Approach

Toxic matrix

Contaminated water

Studied community

Indices used

Author

Matrix

Matrix

Matrix

Matrix

Matrix

Matrix

Substance

Matrix

Matrix

Matrix

Matrix

Matrix

Urban wet weather discharges
(combined sewer overflows
and urban untreated or treated
stormwater)

Urban stormflows

Urban land use (associated to
sites impacted directly by
discharges from combined or
sanitary sewer overflows, sites
receiving wastewater
treatment plant (WWTP)
discharges, sites impacted by
instream sewer line placement
and construction, etc.)
Combined sewer overflows

Urban stormwater runoff

Urban stormwater runoff

Zn, Cu and Pb solutions

Combined sewer overflows

Urban road runoff

Urban Stormwater Runoff

Urban freeway and residential
stormwater runoff

Urban stormwater
impoundments

Freshwater (creeks and
river)

Freshwater (river)

Freshwater (creeks and
run)

Neither (batches and
flow chambers)

Freshwater (run and
branch)

Coastal marine water

Neither (flow
chambers)

Freshwater (creeks)

Neither (mesocosms)

Freshwater (streams)

Stormwater Treatment
facility ponds

Freshwater (creek)

Macro-invertebrates (benthic
fauna)

Macro-invertebrates (benthic
fauna)

Fishes

Periphyton (algae and bacteria)

Macro-invertebrates (benthic
fauna)

Epifauna (invertebrates
inhabiting the alga Sargassum
linearifolium)

Bacteria

Macro-Invertebrates (benthic
fauna)

Algae (Diatoms)

Algae

Sediment denitrifying Bacteria

Macro-invertebrates (benthic
fauna)

Fishes

Benthic communities
abundance and richness;
Evenness; Taxonomic
composition

Total abundance and biomass
(dry mass); Ephemeroptera,
Plecoptera, and Trichoptera
(EPT) contribution to the
community (EPT taxa, EPT
density and EPT biomass);
Similarity (Jaccard index);
Community tolerance index
Index of Biotic Integrity (IBI);
Relative abundance of sensitive
and high sensitive species

Total biomass (Dry mass, Ash
free dry mass and Organic
mass); Algal biomass
(chlorophyll-a and
phaeopigment concentrations);
Bacteria abundance

Taxa abundance
(Ephemeroptera, Plecoptera,
Trichoptera, Coleoptera,
Chironomidae, Tipulidae,
Simuliidae, Isopoda,
Platyhelminthes)

Total and Taxa (Anemones,
Copepods, Gammarids,
Gastropods, Isopods, Ostracods
and Polychaetes) abundance
Bacterial communities
composition based on 16S rRNA
gene sequences analysis

Global Normalised Biological
Index (GNBI); Biological
Monitoring Working Party
(BMWP) score; Family and
genus diversity

Biological Diatom Index (BDI);
Specific Pollutant sensitivity
Index (SPI)

Algal taxa cell numbers and
biovolumes; Biomass
(chlorophyll-a concentration
and ash-free dry mass (AFDM))
Communities structure (Based
on terminal restriction
fragment length
polymorphisms of nosZ genes)
Taxonomic richness;
Abundance; Diversity (Shannon
Wiener index); Evenness
(Simpson's index); Oligochaete
Index of Sediment Bioindication
(I0OBS); Index of sediment
biological quality (IOBL) (based
on Oligochaete taxonomic
richness and abundance)
Tolerance index; Species
richness; Relative abundance of
species

Grapentine et al., 2004

Gray, 2004

Miltner et al., 2004

Parent-Raoult, 2004;
Parent-Raoult et al.,
2005

Gresens et al., 2007

Roberts et al., 2007,
2008

Ancion et al., 2010

Rollin et al., 2010

Johnson et al., 2011

Perryman et al., 2011

Tixier et al., 2011, 2012

Stearman and Lynch,
2013
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the substance approach, there are two main types of matrix
approach: the single species bioassay approach where a single
species is exposed to a matrix (generally in the laboratory), and
the multi species approach where a community of species
(generally species of different levels of biological organisation)
is exposed all together and at the same time to the matrix
studied (in microcosms or mesocosms). It is possible to perform
these tests in situ by exposing the organisms directly in the
contaminated environment. One of the drawbacks of this
approach is the high variability when setting up the tests (inter-
test variability) (Chapman, 2000).

There are two types of assessment to study the impact of urban
wet weather discharges on ecosystems: ecotoxicological studies
and studies requiring biological indices. Contrary to ecotoxicolog-
ical studies, assessing the disturbance of aquatic communities us-
ing biological indices is mainly done through the matrix approach,
since the aim is to study how the structures of the communities
present in the receiving aquatic environments are modified.
However, studies using the substance approach have been per-
formed, as in the case of Ancion (2010), who studied the modifi-
cations occurring in bacterial communities due to exposure to
heavy metals such as zinc, copper and lead present in urban wet
weather discharges.

Whatever the case, focussing on the total effluent is far more
representative of the phenomena induced as it is based on studies
that underline the reactivity of the ecosystem, taking into account
physico-chemical descriptors, environmental quality criteria, the
habitat, the hydraulic regime, autochthonous biological commu-
nities and toxicological data.

2.1. Biological indices of ecosystem disturbance

Biological indices have been used in view to assessing the
impact of urban wet weather discharges on the biodiversity of the
communities in place. Most studies are performed on urban and
sub-urban rivers and streams as they receive the water discharged
from combined sewer overflows. Very few (6 studies identified)
have concerned lacustrine environments or coastal areas and only
one study has focused on groundwater. The studies performed
most usually involve evaluations of abundance, species richness,
community diversity (for example, using the Shannon index), and
standardised indices for indicator species specific to the environ-
ment (invertebrates, fish, diatoms, oligochaetes, macrophytes).
Three of them, the Global Normalised Biological Index (GNBI), the
Biological Diatom Index (BDI) and the River Fish Index (RFI), have a
good status reference framework. This is determined by the sta-
tistical exploitation of a large number of data obtained from field
studies. However, these indicators are often designed with a single
reference that does not take into account the type of watercourse.
The different studies using indices to characterise urban wet
weather discharges are summarised in Table 1.

2.1.1. Indices on decomposers (bacteria and fungi)

Modifications of bacterial communities in receiving environ-
ments mainly stem from the inflow of faecal bacteria from animal
faeces (carried by runoff, etc.) and human faeces (combined sewer
overflows, etc.). Thus the study by Dwight et al. (2011) on 78 sta-
tions on the south coast of California highlighted an imbalance in
bacterial composition with the presence of pathogenic species
which can therefore have an impact on human health. Bacterial
community composition disturbance have relative unclear long-
term effects for aquatic ecosystem, but probably leads to a modi-
fication of processes as decomposition, nutrient cycling, etc.
(Wakelin et al, 2008). Moreover, fecal bacteria would be

responsible of the oxygen depletion (linked to biodegradable dis-
solved organic carbon) often observed with combined sewer
overflows, and impacting survival of many organisms, as the fishes
(Even et al.,, 2004).

Modifications can also occur within river communities as has
been pointed out by several studies. Ancion et al. (2010) studied the
modification of the composition of bacterial communities present
in biofilms after exposure to metals mostly found in urban runoff
(zinc, copper and lead), by using the polymorphism of DNA se-
quences located between genes coding for RNA 16S and RNA 23S.

Other authors (Maltby et al.,, 1995a) studied the impact of
highway runoff (located on the outskirts of cities) on other com-
munities of decomposers in rivers and streams, in this case fungi,
more specifically hyphomycetes, by comparing their assemblages
(with the determination of their species richness and the use of
Relative Importance Values (RIV)) upstream and downstream of
outfalls of contaminated water. It is important to monitor the
composition of fungal communities, and more particularly aquatic
hyphomycetes, as they are responsible for decomposing and
modifying the structure of leaves (notably via the transformation of
indigestible compounds into consumable ones) for their con-
sumption by macro-invertebrates, and thus the distribution of both
particulate organic matter and aquatic macro-invertebrates in
rivers (Barlocher, 1985; Maltby et al., 1995a).

2.1.2. Indices for monitoring primary producers

Since algae are specific species to the environment in which
they exist, they are an excellent indicator of the impact of urban
discharges on receiving environments. Contrary to certain benthic
macro-invertebrates and fish, most of them are unable to migrate
(drifting, burrowing, etc.) to habitats with more favourable condi-
tions and less subject to the impact of discharges (Parent-Raoult
and Boisson, 2007). Algae, along with detritus, are also the main
source of energy in small watercourses (Maltby et al., 1995a), and
the largest (macro-algae) shelter macro-fauna. Thus they play an
essential role in watercourses.

Regarding algae, diatoms have been relatively well used for
studying urban wet weather discharges and have been the subject
of several studies (Gast et al., 1990; Willemsen et al., 1990;
Sonneman et al., 2001; Rollin et al., 2010). In particular, diatoms
are subject to a standardised index often used in the works cited
previously, namely the Biological Diatom Index (BDI) based on the
presence of species, their abundance and their sensitivity to pol-
lutants, among other things. The determination of species and their
abundance is often done by microscope on the basis of a minimum
of 300—400 algae per sample taken randomly.

Assessing the impact of urban wet weather discharges on algae
is not necessarily expressed by a reduction of abundance, biomass
or the number of species (Maltby et al., 1995a; Rollin et al., 2010).
For example, Maltby et al. (1995a) noted that neither abundance in
epilithic algae, nor their diversity was affected by runoff discharges
from roads. However, several authors have observed changes in the
composition of algal communities. Sonneman et al. (2001) studied
communities of epilithic and epithetic algae in watercourses
located around Melbourne and observed changes in the diatom
communities exposed. However, contrary to the macro-
invertebrates also affected, the impact on algae in this case was
mainly explained by the high inflow of nutriments in the dis-
charges, making these algae good indicators of the enrichment of
the environment by urban activities. Rollin et al. (2010) studied
colonisation by diatoms of media placed directly downstream of
stormwater outflows using the BDI and a second index, the SPI
(Specific Pollutant sensitivity Index) also based on the abundance
of the species observed (400 individuals observed per sample
recovered) and the sensitivity of species. They nonetheless
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observed that the impact on diatoms was less marked than for
other compartments (in this case macro-invertebrates). This could
be due to a greater capacity for renewal in algae. Algae commu-
nities therefore present several drawbacks for monitoring the
impact of urban wet weather discharges.

Although the study of communities has often been performed in
situ, several authors have carried out experiments in the laboratory,
namely on periphytons (algae and bacteria) subjected to simulated
stormwater outflow discharges in artificial canals (Parent-Raoult,
2004; Parent-Raoult et al., 2005) and on communities studied in
1300 L mesocosms (Johnson et al., 2011).

2.1.3. Indices for monitoring benthic macro-invertebrates

The aqueous phase of urban wet weather discharges is not the
only phase containing pollutants. Studies have shown that the
particulate phase is the most pollutant discharge since most of the
priority substances are found adsorbed to the surfaces of the par-
ticles (Parent-Raoult and Boisson, 2007; Zgheib et al., 2011). What
is more, during the discharge of urban effluents, pollutants and
particles fall progressively in the water column and deposit on
sediments on the beds of watercourses (in the benthic zone). It has
also been shown that the pollutants from discharges are also liable
to accumulate in estuary sediments at concentrations likely to
cause adverse biological effects (Morrisey et al., 2003). Therefore it
is important to monitor the composition of macro-invertebrate
communities since the compartment in which they live is highly
exposed to dissolved and particulate fractions of urban wet
weather discharges. Furthermore, since they colonise these sedi-
ments, they are heavily exposed to cumulative effects which makes
them excellent bio-indicators (Rochfort et al., 2000; Kominkova
et al,, 2005). This is why benthic macro-organisms are the in-
dicators most often used to monitor the impact of urban wet
weather discharges on aquatic ecosystems (see Table 3). The
studies performed involved organisms of both the benthic and
hyporheic zones.

Several authors have emphasised that the type of catchment
cannot be the only parameter to be taken into account when
evaluating the impact of urban wet weather discharges. Rainfall
intensity and the sampling site play a major role. This is why,
regarding the choice of sector to be prospected, Angerville (2009)
hypothesised on the existence of a preferential zone governed by
suitable conditions (gentle longitudinal slope, slow flow rate,
laminar flow, etc.) favouring the settling of particles contained in
urban wet weather discharges. Therefore interstitial organisms are
exposed to a larger share of the particulate pollution contributed by
urban wet weather discharges. This choice seems consistent to
observe a strong impact on communities. Indeed, as shown in
Borchardt et al. (1990), studying the loss of Gammarus populations,
low flow rates cause a stronger effect. This may be due to of the
sedimented particles containing adsorbed pollutants but also to a
preferential particles deposition due to low flow (Brunke, 1999).
This can leads to a siltation of interstitial zones hindering macro-
invertebrates to protect themselves inside, and therefore leads to
greater exposure to discharges (Borchardt et al., 1990).

The first studies of this type applied to urban wet weather dis-
charges emerged as early as the beginning of the 1980s, notably
those of Armstrong et al. (1980), Pratt et al. (1981) and Medeiros
et al. (1983), with observations of a marked disturbance of com-
munities by discharges. Contrary to other types of community
(algae, decomposer and fish), benthic macro-invertebrates have
been studied in most aquatic environments: marine (Schiff and Bay,
2003), estuarine (place of transition) (Morrisey et al., 2003),
freshwater (Gray, 2004; Gresens et al.,, 2007) and artificial (treat-
ment basins) (Tixier et al., 2011, 2012). Three orders of macro-
invertebrates (Ephemeroptera, Plecoptera and Trichoptera (EPT))

were studied in particular by Walsh et al. (2001), Stepenuck et al.
(2002), and Gresens et al. (2007). One the reasons for this is that
organisms of these three orders are relatively sensitive to pollution
(Walsh et al., 2001) and their density and relative abundance de-
clines rapidly as pollution increases.

There are two types of study dedicated to benthic macro-
invertebrates for assessing the impact of urban wet weather dis-
charges: direct sampling of the communities present on site, with
the constraints of the sampling site mentioned above (meaning
most studies), and studies based on the installation of an artificial
substrate colonised by the organisms. But, in the two cases, an
important limit is to find a reference site with no pollution, which is
now very difficult.

Although most authors have sought to assess the direct impact
of urban wet weather discharges (from separate or combined sewer
networks) on benthic communities, others, on the contrary have
sought to find a link between impervious urban area (in direct
connection with quality and quantity of rainwater runoff) and the
impacts on these communities. However, the use of these proxies is
not always relevant. As explained by Walsh et al. (2001) in their
study, alterations of the structure of macroinvertebrate commu-
nities between low and highly urbanised areas are not always
explained by the imperviousness rate only, because some natural
parameters can interact, as climate, habitat and catchment geology.
Moreover, as they wrote, sites having the same rate of impervi-
ousness don't always show the same impact on communities. It can
be explained by: on one hand, the presence of systems of drainage
infrastructure, and on another hand, the difficulty to make a direct
link between imperviousness and pollutants concentrations in
discharges, which depends on the watershed studied.

Measures of the species richness of benthic communities have
often made it possible to assess the impact of pollution on the
benthic communities. Generally, biological indices provide infor-
mation in accordance with the decrease of richness. However,
several studies have shown that if no change of species richness is
observed, it is not possible to use biotic indices to draw conclusions
as they often depend on this parameter (Cao et al., 1996). In addi-
tion, changes to some benthic macroinvertebrate communities can
occur over different timescales (from a few months to a few years)
following contamination (Damasio et al., 2008). These indices are
used to show the effects of pollution already present for a long time.
So, it is not advisable to use them to assess the impact of a one-time
event, but rather a more diffuse pollution in time. Bioassays remain
preferable in the other case.

2.14. Indices for monitoring fishes

In general, the impact of urbanisation on fishes has been given
far less attention than to invertebrates (Paul and Meyer, 2001);
likewise for urban wet weather discharges. Indeed, it is much more
difficult to monitor their impact on fish communities as they are
not confined to local receiving environments. Besides, due to their
mobility, it is difficult to assess the time in which fish are really in
contact with urban wet weather discharges (La Point and Waller,
2000). However, it is interesting to observe modifications of fish
communities, as they have relatively long lifetimes and thus good
indicators of long term disturbances. Indeed, several studies have
sought to demonstrate the correlation between the imperviousness
of soils due to the urbanisation of catchments (responsible for
rainwater runoff which picks up all the molecules described pre-
viously from these surfaces) and the disturbance of fish commu-
nities in urban and sub-urban watercourses (Wang et al., 2001;
Miltner et al., 2004). But, this method has the same limits than
those for benthic communities. In these two studies, a common
good health index of fish communities and watercourses was used:
the IBI (Index of Biotic Integrity), calculated following the capture of
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Table 2
Identification of the studies using a substance approach for the ecotoxicity assessment of urban wet weather discharges.
Pollutant Approach Organism type Organism Bioassay type Exposure time Endpoint Author
Diazinon, Single and Invertebrate Ceriodaphnia dubia Monospecific bioassay 24 h; 48 h; Mortality Bailey et al., 1997
Chlorpyrifos combined 72 h; 96 h
substance
Zn, Cu, Pb Single substance Phytoplankton x Biomarker 6h Respiration/ Seidl et al., 1998
Photosynthesis
Zn Single substance Vertebrate Oncorhynchus mykiss Monospecific bioassay 96 h Mortality Bailey et al., 1999
Paraquat, Single substance Plant Lemna minor Monospecific bioassay 48 h Growth Frankart et al., 2003
Norflurazon,
Atrazine,
Flazasulfuron
Biomarker 48 h Photosynthesis
Zn Single substance Invertebrate Ceriodaphnia dubia Monospecific bioassay 48 h Mortality Kszos et al., 2004
Atrazine, Single and Invertebrate Ceriodaphnia dubia Monospecific bioassay 48 h Mortality Banks et al., 2005
Diazinon combined substance
Cu Single substance Vertebrate Oncorhynchus kisutch Biomarker 3h Neurotoxicity Sandahl et al., 2007
(olfactiv system
olfactory sensitivity)
and predator
avoidance behaviours
Cd, Cu, Pb, Single and Invertebrate Daphnia magna Monospecific bioassay 24 h Mortality Angerville, 2009
Zn, NH4 combined substance
Algae Pseudokirchneriella Monospecific bioassay 72 h Growth
subcapitata
Nacl Single substance Invertebrate Hyalella azteca Monospecific bioassay 4 weeks Growth Bartlett et al., 2012a
Monospecific bioassay 1 week; 2 weeks; Mortality
3 weeks; 4 weeks
Galaxolide, Cd  Single and Vertebrate Carassius auratus Biomarker 7 days; 14 days;  Oxidative stress Chen et al., 2012
combined substance 21 days
Zn Single substance Invertebrate Paratya australiensis ~ Biomarker 72 h Foraging behaviour Oulton et al., 2014

fish by electrofishing in sampling zones. This index is especially
easy to assess as fish are easy to collect and identify. Stearman and
Lynch (2013) sought to establish a link between urbanisation, urban
fragmentation, and rainwater management practices (especially
those of reservoirs and basins), rather than the rainwater itself, and
the disturbance of stream fish communities. Their study relied on
the analysis of two indices: total species richness and a tolerance
index based on the proportions of fish classed into categories of
tolerance to habitat degradation and environment quality.

2.2. Ecotoxicological bioassays

The main studies and methods found for ecotoxicological bio-
assays carried out on urban wet weather discharges using sub-
stance and matrix approaches are summarised in Tables 2 and 3.

There are two possibilities for classing ecotoxicological tests: (1)
classification into three categories: genotoxicity tests, acute tests
and chronic tests; (2) classification with respect to the scale of the
study. We have chosen the second solution for the sake of clarity.
The methods used are classed into four groups: biomarker tests
(genotoxicity, enzymatic activity, etc.), single species tests (organ-
ism scale), multi species bioassays (several species studied simul-
taneously) and in situ tests.

2.2.1. Biomarker tests

Several authors, including Tang et al. (2013), have observed that
in the case of contamination by urban wet weather discharges,
parameters such as photosynthesis (a toxicity biomarker) respon-
ded with greater sensitivity than more global parameters such as
algae population growth (in particular due to the presence of her-
bicides). This is why biomarkers are especially important when
studying the impact of urban wet weather discharges. The bio-
markers are early pollution detectors. They enable both to identify
the presence of toxic effects of pollutants faster than global pa-
rameters, but also to detect effects at concentrations below those

that product irreversible effects (van Gestel and van Brummelen,
1996; Burton et al, 2000). However, Marsalek et al. (1999a)
observed that some biomarkers could be less sensitive than
single-species assays (e.g. SOS-Chromotest less sensitive than
testing Daphnia magna mortality to 48 h). One explanation
mentioned is the difference in sensitivity to particles of discharges.

Several families of biomarker have been studied such as expo-
sure and effect biomarkers, genotoxicity, cytotoxicity and bio-
markers of enzymatic activity or more global metabolic activity.

Regarding genotoxicity and cytotoxicity biomarkers, tests such
as the SOS-chromotest, which uses strains of the bacteria E. coli and
measures beta-galactosidase activity to determine the level of in-
duction of the DNA repair mechanism, and the umucC test, which is
similar but uses a strain of Salmonella typhimurium, have already
been the subject of several studies (Marsalek et al., 1999a, 1999b;
Tang et al., 2013). Cytotoxicity tests based on the inhibition of
mitochondrial electron transfer (Sub-mitochondrial Particle bio-
assays) have also been used to assess the impact of urban wet
weather discharges (Tang et al., 2013).

Recent works on the primary producer compartment have
studied chlorophyll fluorescence, which indicates photosynthetic
efficiency, and enzymatic activity inhibition (esterase and alkaline
phosphatase) underlying the metabolism of nutrients. These tests
are used to assess the impact of diffuse pollution in runoff in
urbanised coastal areas (Durrieu et al., 2011), as well as the quality
of combined sewer overflow discharges and water collected at the
inlets of infiltration basins (Ferro, 2013). Substance approach type
tests focussing on the inhibition of several fluorescence parameters
linked to photosynthesis due to pesticides found in urban wet
weather discharges were also developed by Frankart et al. (2003).
In addition, measures of metabolic activity (net primary produc-
tivity and respiration) by Seidl et al. (1998) and Boisson and
Perrodin (2006) on the behaviour of primary producers have also
been carried out to study discharges from CSO and road runoff.

What is more, Tang et al. (2013) also used measures of
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Table 3
Identification of the studies using in matrix approach for the ecotoxicity assessment of urban wet weather discharges.
Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author
for assays type time
Urban road Downstream Bacteria Photobacterium Monospecific 15 min Luminescence Boxall and
stormwater contaminated phosphoreum bioassay inhibition Maltby, 1995
runoff sediments
(fractioned
extracts)
Invertebrate ~ Gammarus pulex Monospecific 14 days Mortality
bioassay
Airport stormwater Discharges Vertebrate Pimephales promelas Monospecific 48 h Mortality Fisher et al.,
runoff bioassay 1995
Invertebrate  Daphnia magna Monospecific 48 h Mortality
bioassay
Urban stormwater Downstream Invertebrate  Ceriodaphnia dubia Monospecific 7 days Mortality Katznelson
runoff contaminated bioassay et al,, 1995
freshwaters and
treatment pond
discharges
Urban motorway  Artificial pond waters  Invertebrate = Gammarus pulex Monospecific 14/15/ Mortality Maltby et al.,
stormwater and contaminated bioassay 17 days 1995b
runoff waters/sediments/
sediments extracts
Urban stormwater Urban stormwater Invertebrate  Ceriodaphnia dubia Monospecific 48 h Mortality Wenholz and
runoff pond sediment bioassay Crunkilton,
porewaters 1995
Combined sewer Downstream Invertebrate ~ Gammarus pulex In situ assay (caging) 36 days Mortality Mulliss
outfalls and contaminated (daily et al., 1997
larger freshwaters assessment)
stormwater
outfalls
Urban stormwater  Urban stormwater Invertebrate  Hyalella azteca Monospecific 10 days Mortality Karouna-Renier
runoff pond sediments and bioassay and Sparling,
discharges 1997
Monospecific 10 days Growth
bioassay
Sawmills Discharges Vertebrate Oncorhynchus mykiss Monospecific 96 h Mortality Bailey
stormwater bioassay et al., 1999
runoff
Urban stormwater Discharges and marine Invertebrate  Shongyiocennofus Monospecific 20 min Egg fertilisation by Jirik et al., 1998
runoff contaminated waters purpuratus bioassay spermatozoa
Combined sewer Downstream Invertebrate  Rhepoxynius abronius Monospecific 10 days Mortality Hall et al., 1998
overflows contaminated bioassay
sediments
Invertebrate  Mytilus edulis Monospecific 48 h Mortality
bioassay
Combined sewer Discharges Phytoplankton x Biomarker 6h Respiration and Seidl et al.,
overflows (filtered and Photosynthesis 1998
centrifuged) (Oxygen production)
Urban stormwater Discharges Invertebrate  Ceriodaphnia dubia Monospecific Exposition: Mortality Brent and
events bioassay 15 min—6 h Herricks, 1999
(very toxic
samples)/12 h
— 48 h (low
toxic samples)
Post
exposition:
48 h
Urban stormwater Downstream Invertebrate  Hyalella azteca Monospecific 48 h; 10 days/ Mortality Hatch and
runoff contaminated bioassay/In situ 48 h; 7 days; Burton, 1999
freshwaters and assay (caging) 10 days
sediments
Monospecific 10 days/7 Feeding behaviour
bioassay/In situ days; 10 days
assay (caging)
Biomarker 20 min Enzymatic activities
(1Q toxicity assay)
Invertebrate  Daphnia magna Monospecific 48 h/48 h Mortality
bioassay/In situ
assay (caging)
Biomarker 15 min Enzymatic activities
(IQ toxicity assay)
Vertebrate Pimephales promelas Monospecific 48 h/48 h Mortality
bioassay/In situ
assay (caging)
Urban stormwater Inflows and outflows Invertebrate  Daphnia magna Monospecific 48 h Mortality Marsalek et al.,
runoff from ponds bioassay 1999a
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Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author

for assays type time

Inflows and outflows  Bacteria Vibrio fischeri Monospecific 15 min Luminescence
from ponds bioassay inhibition
(concentrated 10 times)

Bacteria Escherichia coli Biomarker ? Genotoxicity (SOS
chromotest)

X X Biomarker X Mitochondrial
toxicity (Sub-
mitochondrial
Particle bioassay)

Urban wet weather Inflows and outflows  Invertebrate = Daphnia magna Monospecific 48 h Mortality Marsalek et al.,
discharges from ponds bioassay 1999b
(combined
sewer overflows
and urban
stormwater
runoff)

Inflows and outflows  Bacteria Vibrio fischeri Monospecific 15 min Luminescence
from ponds bioassay inhibition
(concentrated 10 times)

Bacteria Escherichia coli Biomarker X Genotoxicity (SOS
chromotest)

X X Biomarker X Mitochondrial
toxicity (Sub-
mitochondrial
Particle bioassay)

Inflows and outflows  Bacteria Vibrio fischeri Monospecific 20 min Luminescence
from ponds and bioassay

downstream

contaminated

sediments

Bacteria Escherichia coli Biomarker 4h Genotoxicity (SOS
chromotest assay)

Invertebrate  Panagrellus redivivus Monospecific 96 h Mortality

bioassay
Monospecific 96 h Growth
bioassay

Urban stormwater Discharges Vertebrate Oryzias latipes Monospecific 9-12 days Embryotoxicity Skinner

runoff bioassay (teratogenesis, et al,, 1999
hatching and
mortality of eggs)

Vertebrate Menidia beryllina Monospecific 7-9 days Embryotoxicity

bioassay (teratogenesis,
hatching and
mortality of eggs)

Urban stormwater Downstream Invertebrate ~ Gammarus minus In situ assay 42 days Mortality Lieb and
runoff contaminated (caging) Carline, 2000

freshwaters (after
outlet of a detention
pond)

Urban stormwater Discharges Invertebrate  Ceriodaphnia dubia Monospecific 96 h Mortality Schiff
runoff bioassay et al., 2002

Invertebrate  Mysidopsis bahia Monospecific 96 h Mortality

bioassay
Invertebrate  Strongylocentrotus Monospecific 20 min Egg fertilisation by
purpuratus bioassay spermatozoa

Urban stormwater  Discharges, Invertebrate  Strongylocentrotus Monospecific 20 min Egg fertilisation by Bay et al., 2003
runoff downstream purpuratus bioassay spermatozoa

contaminated

freshwater, marine

contaminated

sediments and

interstitial waters from

sediments

Marine contaminated  Invertebrate  Rhepoxynius abronius ~ Monospecific 10 days Mortality
sediments bioassay

Urban stormwater Downstream Invertebrate  Ceriodaphnia dubia Monospecific 48 h; 96 h Mortality Gersberg et al.,
runoff contaminated bioassay 2004

freshwaters

Urban wet weather Stream sediments Invertebrate  Hyalella azteca Monospecific 28 days/7 Mortality Grapentine
discharges contaminated by bioassay/In situ weeks et al.,, 2004
(combined untreated or treated assay (caging)
sewer overflows runoffs/Contaminated
and urban downstream waters
stormwater column by untreated
runoff) runoffs

(continued on next page)
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Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author
for assays type time
Monospecific 28 days/7 Growth
bioassay/In situ weeks
assay (caging)
Stream sediments Invertebrate  Chironomus riparius Monospecific 10 days Mortality
contaminated by bioassay
untreated or treated
runoffs
Monospecific 10 days Growth
bioassay
Invertebrate  Hexagenia spp. Monospecific 21 days Mortality
bioassay
Monospecific 21 days Growth
bioassay
Invertebrate  Tubifex tubifex Monospecific 28 days Mortality
bioassay
Monospecific 28 days Reproduction
bioassay

Simulated urban Discharges Invertebrate  Shongyiocennofus Monospecific 20 min Egg fertilisation by Greenstein
parking lot purpuratus bioassay spermatozoa et al., 2004
runoffs

Urban stormwater Discharges Invertebrate  Ceriodaphnia dubia Monospecific 48 h Mortality Kszos
runoff bioassay et al., 2004

Urban motorway Discharges Periphyton X Plurispecific Thor4h, Biomass Boisson and
stormwater bioassay (artificial three time a Perrodin, 2006
runoff river)/Biomarker week over

30 days
Plurispecific Thor4h, Metabolic activity
bioassay (artificial three time (net primary
river)/Biomarker a week over production and
30 days respiration)

Urban and Downstream Algae Pseudokirchneriella Monospecific 48 h Growth Christensen
motorway contaminated subcapitata bioassay et al., 2006
stormwater freshwaters
runoff (whole and SPE

concentrated),

sediment porewaters

and suspensions

Downstream Invertebrate  Daphnia magna Monospecific 48 h Mortality
contaminated bioassay

freshwaters

Urban and Downstream Invertebrate  Isonychia spp. In situ assay 96 h Mortality Custer
agricultural contaminated (exposure chamber) et al., 2006
stormwater freshwaters and
runoff and substrates (cobbles)
treated
wastewaters

Invertebrate ~ Hydropsyche spp. In situ assay 96 h Mortality
(exposure chamber)

Invertebrate  Psephenus herricki In situ assay 96 h Mortality
(exposure chamber)

Urban and Discharges Bacteria Vibrio fischeri Monospecific 15 min Luminescence Scholes
motorway bioassay inhibition et al., 2007
stormwater
runoff

Algae Pseudokirchneriella Monospecific 48 h Growth
subcapitata bioassay
Invertebrate  Brachionus calyciflorus  Monospecific 48 h Reproduction
bioassay

Urban stormwater  Discharges Algae Pseudokirchneriella Monospecific 96 h Growth Kayhanian

highway runoff subcapitata bioassay et al., 2008
Invertebrate  Ceriodaphnia dubia Monospecific 7 days Mortality
bioassay
Monospecific 7 days Reproduction
bioassay
Vertebrate Pimephales promelas Monospecific 7 days Mortality
bioassay
Monospecific 7 days Growth
bioassay
Bacteria Photobacterium Monospecific 22 h Luminescence
phosphoreum bioassay inhibition
Invertebrate  Strongylocentrotus Monospecific 20 min Egg fertilisation by
purpuratus bioassay spermatozoa

Urban stormwater  Sediment porewaters  Invertebrate  Hyalella azteca Monospecific 7 days Mortality Mayer

runoff from stormwater pond bioassay et al.,, 2008
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Table 3 (continued )

Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author

for assays type time

Urban stormwater Downstream Vertebrate Oncorhynchus In situ assay 5 year study Mortality McCarthy
runoff contaminated kisutch et al,, 2008

freshwaters

Urban stormwater Stormwater ponds Invertebrate  Hydra hexactinella Monospecific 96 h (daily Mortality Rosenkrantz
runoff discharges and bioassay assessment) et al., 2008

sediments
Stormwater ponds Monospecific Exposition: Growth (Pulse
discharges bioassay 1h;3h;5h toxicity test)
or 7 h; Post-
exposition:
144 h
(measurement
each day)
Stormwater ponds Monospecific 144 h (daily Growth
discharges and bioassay assessment)
sediments
Stormwater ponds Monospecific 144 h Avoidance behaviour
sediments bioassay (sediment avoidance)

Urban roadway Stormwater pond Vertebrate Bufo americanus Monospecific 40—48 days Embryotoxicity Snodgrass
stormwater sediments bioassay (delay of et al.,, 2008
runoff metamorphosis and

mortality of embryos)
Vertebrate Rana sylvatica Monospecific 13 days Mortality (embryos)
bioassay

Urban highway Discharges Bacteria Vibrio fischeri Monospecific 5 min; Luminescence Waara and
runoff bioassay 15 min; inhibition Farm, 2008

30 min
Invertebrate  Daphnia magna Monospecific 24 h;48 h Mortality
bioassay
Invertebrate ~ Thamnocephalus Monospecific 24 h Mortality
platyurus bioassay
Bacteria Lemna minor Monospecific 7 days Growth
bioassay

Urban industrial Treated or not Bacteria Vibrio fischeri Monospecific 30 min Luminescence Wium-
and road discharges bioassay inhibition Andersen et al.,
stormwater 2009
runoff

Algae Scenedesmus Monospecific 72 h Growth
subspicatus bioassay
Invertebrate  Daphnia magna Monospecific 24 h; 48 h Mortality
bioassay

Urban wet weather Discharges, Bacteria Vibrio fischeri Monospecific 20 min; Luminescence Angerville
discharges downstream bioassay 30 min inhibition (2009)
(combined contaminated
sewer overflows surface freshwater,
and urban benthic and
stormwater hyporheic zone
runoff) samples

Discharges Algae Pseudokirchneriella Monospecific 72 h Growth
subcapitata bioassay

Discharges and Invertebrate  Daphnia magna Monospecific 24 h;48 h Mortality

downstream bioassay

contaminated

freshwater

Discharges Monospecific 21 days Reproduction

bioassay

Discharges Invertebrate  Ceriodaphnia Monospecific 7 days Reproduction
dubia bioassay

Discharges and Invertebrate  Brachionus Monospecific 48 h Reproduction

downstream calyciflorus bioassay

contaminated

freshwater

Discharges, Invertebrate  Heterocypris Monospecific 6 days Growth

downstream incongruens bioassay

contaminated benthic
and hyporheic zone

samples
Monospecific 6 days Mortality
bioassay
Urban stormwater Downstream Plant Lepidium sativum Monospecific 48 h Germination Karlaviciene
runoff contaminated bioassay et al.,, 2009
sediments

(continued on next page)
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Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author

for assays type time
Monospecific 48 h Roots growth
bioassay

Urban stormwater Contaminated coastal  Invertebrate  Strongylocentrotus Monospecific 20 min Egg fertilisation by Reifel
runoff marine waters and purpuratus bioassay spermatozoa et al,, 2013

freshwaters

Urban highly Stormwater pond Vertebrate Hyla versicolor Monospecific X Embryotoxicity Brand
travelled sediments bioassay (delay to et al,, 2010
roadway metamorphosis and
stormwater mortality of embryos)
runoff

Urban combined Downstream Bacteria Vibrio fischeri Monospecific 15 min Luminescence Casadio
sewer overflows contaminated bioassay inhibition et al, 2010

freshwaters

Highway and Discharges Vertebrate Bufo viridis Monospecific 65 days Embryotoxicity Dorchin and
urban bioassay (teratogenesis, delay Shanas, 2010
stormwater to metamorphosis
runoff and mortality)

Urban stormwater  Urban stormwater Bacteria Vibrio fischeri Monospecific 30 min Luminescence Karlsson
runoff ponds and tanks bioassay inhibition et al, 2010

discharges and
sediments (inlet and
outlet)

Campus parking Discharges Invertebrate  Ceriodaphnia dubia Monospecific 7 days Mortality McQueen
lot stormwater bioassay et al,, 2010
runoff

Monospecific 7 days Reproduction
bioassay

Vertebrate Pimephales promelas Monospecific 7 days Mortality
bioassay

Urban Stormwater Discharges Vertebrate Oncorhynchus mykiss Monospecific 21 days Growth Milukaite
runoff bioassay et al,, 2010

Urban Stormwater Urban contaminated Vertebrate Oncorhynchus kisutch  In situ assay X (survey Mortality Feist
runoff streams between 2000 etal,, 2011

and 2009)
Urban highway Discharges Algae Algal community Plurispecific bioassay 28 days Biomass Johnson
runoff (mesocosm (1300 L)) etal, 2011

Plurispecific bioassay 28 days Metabolic activity
(mesocosm (1300 L))/
Biomarker

Invertebrate  Physa sp. Plurispecific bioassay 28 days Growth
(mesocosm (1300 L))
Plurispecific bioassay 28 days Mortality
(mesocosm (1300 L))

Vertebrate Lepomis gibbosus Plurispecific bioassay 28 days Growth
(mesocosm (1300 L))
Plurispecific bioassay 28 days Mortality
(mesocosm (1300 L))

Urban Industrial Discharges Algae Scenedesmus Monospecific 96 h (daily Growth Kaczala
stormwater subspicatus bioassay assessment) etal, 2011
runoff

Urban highway Stormwater pond Invertebrate  Hyalella azteca Monospecific 4 weeks Growth Bartlett et al.,
and residential ~ sediments bioassay 2012a, 2012b
stormwater
runoff

Monospecific 4 weeks Mortality
bioassay

Urban Combined Downstream Invertebrate  Daphnia magna Monospecific 24 h Mortality Becouze-
Sewer contaminated surface bioassay Lareure, 2012
Overflows freshwater, benthic and

hyporheic zone
samples (water phase)
Downstream Bacteria Vibrio fischeri Monospecific 20 min Luminescence
contaminated surface bioassay (particles)/ inhibition
freshwater, benthic and 30 min
hyporheic zone (water)
samples (particle and
water phase separately)
Invertebrate  Brachionus Monospecific 48 h Reproduction
calyciflorus bioassay
Invertebrate  Heterocypris Monospecific 6 days Growth
incongruens bioassay
Monospecific 6 days Mortality

bioassay
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Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author

for assays type time

Urban wet weather Downstream Invertebrate  Lasmigona costata Biomarker/In situ X Immune function Gillis, 2012
discharges contaminated assay (sampling)

(Urban road freshwaters

stormwater

runoff and

municipal

wastewater)
In situ assay X Age
(sampling)
In situ assay X Condition (physical)
(sampling)
In situ assay X Reproductive status
(sampling)

Urban highway and Stormwater pond Invertebrate  Hyalella azteca Monospecific 28 days Mortality Tixier
residential sediments bioassay et al., 2012
stormwater
runoff

Monospecific 28 days Growth
bioassay

Invertebrate  Hexagenia spp. Monospecific 21 days Mortality
bioassay
Monospecific 21 days Growth
bioassay

Urban stormwater Downstream Invertebrate  Hyalella azteca Monospecific 96 h Mortality Weston and
runoff contaminated bioassay Lydy, 2012

freshwaters

Urban stormwater Discharges Bacteria Vibrio fischeri Monospecific 30 min Luminescence Chong
(runoff) bioassay inhibition et al., 2013

Urban wet weather Discharges Algae Pseudokirchneriella Monospecific 72 h Growth Ferro, 2013
discharges subcapitata; Chlorella bioassay
(combined vulgaris
sewer overflows
and urban
stormwater
runoff)

Algae Chlorella vulgaris; Biomarker 2h;24h; Photosynthesis
Chlamydomonas 48 h
reinhardtii
Biomarker 2 h; 24 h; Enzymatic activities
48 h (esterase, alkaline
phosphatase,
catalase)

Urban wet weather Discharges (SPE Bacteria Vibrio fischeri Monospecific 30 min Luminescence Tang
discharges extracts) bioassay inhibition etal, 2013
(combined
sewer overflows
and urban
stormwater
runoff)

Algae Pseudokirchneriella Monospecific 24 h Growth

subcapitata bioassay
Biomarker 2h Photosynthesis

X X Biomarker Endocrine
perturbation
(E-SCREEN assay)

X X Biomarker X dioxin-like activity
(AhR-CAFLUX assay)

Bacteria Salmonella typhimurium Biomarker X Génotoxicity (umuC
assay)

X X Biomarker X Oxidative stress
biomarker (AREc32
assay)

Urban parking lot ~ Stormwater ponds Vertebrate Oryzias latipes Monospecific 14 days Embryotoxicity Colton
runoff discharges bioassay (teratogenesis, etal, 2014

hatching and

mortality of eggs)
Stormwater ponds Biomarker 20 h Genotoxicity
discharges and (LA-QPCR assay on
sediments embryos)

Urban highway Treated and untreated Vertebrate Danio rerio Monospecific 48 h; 96 h Embryotoxicity Mclintyre et al.,
stormwater discharges by bioassay 2014
runoff stormwater pond

(continued on next page)
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Table 3 (continued )

Toxic matrix Samples used Organism Studied organism Bioassay type Exposure Endpoint Author
for assays type time
Biomarker 3h Neurotoxicity
Monospecific 96 h (daily Mortality
bioassay assessment)
Urban highway Discharges Bacteria Vibrio Monospecific 15 min Luminescence Wu et al,, 2014
stormwater qinghaiensis.Q67 bioassay inhibition
runoff
Vertebrate Danio rerio Monospecific 96 h (daily Embryotoxicity
bioassay assessment) (FET-test)

(teratogenesis,
hatching and
mortality of eggs)

“Urban stormwater runoff” refers to discharges which may originate from several sources as residential, industrial, road or commercial area runoff.

enzymatic activity, though on recombinant DNA and reporter genes
to detect specific classes of pollutants (notably PAHs) (E-screen test,
AhR CAFLUX, AREc32; see Table 3).

Lastly, oxidative stress biomarkers were observed in Carassius
auratus by Chen et al. (2012) following exposure to reconstituted
urban runoffs (samples consisting of distilled water and minerals
regularly found in urban runoffs, added with the targeted
pollutants).

2.2.2. Single species bioassays

These bioassays have undergone the most development and are
those most often used in the laboratory. Some of them are now the
subject of standards that allow comparing results between tests
performed in different countries. The main organisms and single
species bioassays associated with the study of urban and sub-urban
runoff discharges are presented below.

2.2.2.1. Bacteria bioassays. It is important to study the decomposer
compartment as the organisms of this group permit the trans-
formation and degradation of many types of organic matter from
animals and dead plants that decompose, for example, on the beds
of watercourses. Generally, two main types of marine bacteria are
used for bioassays to assess the toxicity of urban runoff discharges:
Vibrio fischeri (Marsalek et al., 1999a, 1999b; Scholes et al., 2007;
Waara and Farm, 2008; Wium-Andersen et al., 2009; Angerville,
2009; Casadio et al., 2010; Karlsson et al., 2010; Becouze-Lareure,
2012; Chong et al., 2013; Tang et al., 2013) and Photobacterium
phosphoreum (Boxall and Maltby, 1995; Kayhanian et al., 2008). The
assays identified for this purpose (Microtox® bioassays) are exclu-
sively acute toxicity tests based on the inhibition of biolumines-
cence (caused by the oxidation of luciferin for V. fischeri and P.
phosphoreum), expressing a dysfunction of the energetic pathway.
The effects are generally visible after 15—30 min exposure. Micro-
tox® bioassays are known to be relatively sensitive (Parvez et al.,
2006) for samples of both the aqueous and sediment phases. In
addition, they are fast, easy to perform and inexpensive (Parvez
et al., 2006; Karlsson et al., 2010). This was also observed by
Scholes et al. (2007), when setting up a battery of bioassays applied
to urban and road runoff. However, some studies have shown the
contrary, such as that by Wium-Andersen et al. (2009) for whom
the Microtox® test presented the least sensitive response to road
and industrial runoff in comparison to the other bioassays per-
formed. These discrepancies show that the sensitivity of Microtox®
for urban stormwaters toxicity assessment can vary widely
depending on their origins, and thus their composition. Indeed,
Boxall and Maltby (1995) reported that the Microtox® have a
limited sensitivity for substances with a log Kow (coefficient of
octanol/water partition) upper to 3 (for example, PAHs with a
number of ring between 2 and 5). Moreover, Marsalek et al. (1999a)
call into question the use of these marine bacteria to assess the

toxicity of chlorine-laden discharges.

2.2.2.2. Bioassays on primary producers: algae and plants.
Bioassays on single cell algae are highly pertinent for studying ur-
ban wet weather discharges, as they represent the primary pro-
ducer compartment, the first link in the food chain. Disturbances of
the functioning of primary producers can precede damage to higher
links in the trophic pyramid. Thus, bioassays on primary producers
can lead to the early detection of pollution. Single cell planktonic
algae (1—20 um) have been the subject of many studies to assess
both the impact of urban runoff from separate and combined net-
works. Two species have been studied for this purpose: Pseudo-
kirchneriella subcapitata (Christensen et al., 2006; Scholes et al.,
2007; Kayhanian et al., 2008; Angerville, 2009; Ferro, 2013; Tang
et al., 2013) and Scenedesmus subspicatus (=Chlamydomonas rein-
hardtii) (Wium-Andersen et al., 2009; Kaczala et al., 2011). They are
known to be relatively sensitive to pesticides (Rojickova and
Marsélek, 1999) which are often found in urban wet weather dis-
charges. The main bioassays on algae applied to urban wet weather
discharges are based on the exposure of a population for a given
time (generally 72 h, though exposures can vary from 48 to
96 h according to the study). Counting the number of cells before
and after exposure shows the impact of the discharges studied on
algal growth. The rapid growth of algae also facilitates performing
chronic toxicity tests. Chronic toxicity is generally expressed by the
concentration for which 10, 20 or 50% effect (growth inhibition) is
observed (EC10, EC20, EC50), or more simply by the percentage of
growth inhibition. The advantage of algae tests is that they require
few technical and financial resources and the algae are easy to
cultivate in the laboratory (Angerville, 2009). However, they suffer
from a lack of reproducibility owing to considerable intra and inter-
test variations.

Bioassays using macrophytes are also important though less
used. Bioassays on aquatic plants such as Lemna minor are used to
measure the impact of highway runoff (matrix approach) (Waara
and Farm, 2008) and micropollutants such as pesticides often
present in stormwater (substance approach) (Frankart et al., 2003).
The tests applied on the plant are based on an assessment of frond
growth inhibition after 7 days' exposure to discharges (generally
expressed by percentage inhibition or by EC50). On the contrary,
other plants such as Lepidium sativum are used to assess the toxicity
of sediments (notably river sediments) contaminated by runoff
from industrial and residential areas (Karlaviciene et al., 2009). In
this case the test is based on the assessment of germination or root
development after 48 h exposure to sediments.

As specified before, algal and macrophyte assays with a “matrix
approach” are more realistic than “substance approach” assays,
because they take into account all the pollutants and molecules in
these complex discharges. But, one of the criticisms levelled at
these tests is that they are quite sensitive to the presence of
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nutrients (such as phosphorus, nitrates, etc.) and some trace ele-
ments (as metals) in the water (Kaczala et al., 2011), as these can
mask the toxicity induced by the pollution of urban wet weather
discharges and stimulate their growth in comparison to controls.
This problematic phenomenon has already been observed by
Kayhanian et al. (2008), Kaczala et al. (2011) or Ferro (2013). But as
Kaczala et al. (2011) noted, if these nutrients lead to a stimulation of
growth, another important problem can appear and need to be
taken into account: a potential eutrophication created by the
rejection of urban wet weather discharges in aquatic environments.
So, primary producer's growth assays remain important to perform.

2.2.2.3. Bioassays on invertebrates
- Bioassays on daphnia and ceriodaphnia:

Tests on daphnia (Daphnia magna), organisms belonging to the
family Daphniideae, small freshwater zooplanktonic crustaceans
(<6 mm), are those most often used in ecotoxicology since they are
easy to breed in the laboratory, they are ubiquitous, and because of
their trophic level (Adema, 1978). The main tests performed to
assess the impact of urban wet weather discharges on these or-
ganisms concern acute toxicity, for which the mortality of a pop-
ulation is observed for 24—48 h exposure to urban wet weather
discharges or to water (river, sea, oceanic, etc.) receiving storm-
water (Fisher et al., 1995; Hatch and Burton, 1999; Marsalek et al.,
19993, 1999b; Christensen et al., 2006; Waara and Farm, 2008;
Wium-Andersen et al., 2009; Angerville, 2009; Becouze-Lareure,
2012). However, Schiff et al. (2002) extended the exposure time
to 96 h. These tests are those used most often as they are very easy
to implement and require few material or financial resources for
tests using either a substance or matrix approach to assess the
impact of urban wet weather discharges. For the most part they
involve the calculation of LC50 values expressing the toxicity of the
discharges. Chronic toxicity tests have also been used to study the
reproduction inhibition of daphnia after 21 days exposure
(Angerville, 2009).

Other organisms of the same family, though smaller, namely
ceriodaphnia (Ceriodaphnia dubia), are also often used for the
substance approach (Bailey et al., 1997; Kszos et al., 2004; Banks
et al, 2005) and the matrix approach (Katznelson et al., 1995;
Wenholz and Crunkilton, 1995; Brent and Herricks, 1999;
Gersberg et al., 2004; Kayhanian et al., 2008; Angerville, 2009;
McQueen et al.,, 2010). The principle of using ceriodaphnia for
tests to study urban wet weather discharges is similar to that of
tests using daphnia except that the exposure times are different.
Regarding mortality tests, exposure times vary from 48 h to 7 days
according to study, while 7 days is the duration usually used for
reproduction inhibition tests.

- Bioassays on rotifers:

Rotifers (Brachionus calyciflorus) are freshwater pseudocoe-
lomate metazoans. They play an important role in planktonic
communities as they consume algae and are hunted by other in-
vertebrates and fish. Rotifer tests applied to urban wet weather
discharges consist in assessing the reproduction inhibition of or-
ganisms by counting them after 48 h exposure (Scholes et al., 2007;
Angerville, 2009; Becouze-Lareure, 2012). These tests are of great
interest for urban wet weather discharges as the effects of the
toxicity of PAHs and PCBs on these organisms present sensitive and
reproducible results (Dahms et al., 2011).

- Bioassays on ostracods:

Like many environmental matrixes, urban wet weather dis-
charges contain a substantial particulate phase. Zgheib et al. (2011)
showed that a large share of the pollution of urban wet weather
discharges was found in the particulate phase of these discharges
(pollutants such as heavy metals, PCBs and PAHs). Ostracods are
bivalve arthropods and consume particles in suspension, on the
surface and in sediments. Consequently, bioassays using ostracods
are of interest in the presence of a matrix containing a sufficiently
large proportion of particles. In addition, these organisms are quite
sensitive to pollutants such as hydrocarbons, herbicides, pesticides
and heavy metals (Ruiz et al., 2013) which deposit on the bottom of
rainwater basins and on the beds of contaminated watercourses.
Thus they are useful for assessing the impact of urban wet weather
discharges. Tests using these organisms are based on 6 days'
exposure to discharges, contaminated water and sediments, after
which the survival of the organisms is observed and their size is
measured to compare them with the measures taken at the
beginning of the assay. The inhibition of their growth is determined
and compared to that of controls (Angerville, 2009; Becouze-
Lareure, 2012).

- Bioassays on sea urchins:

Urban wet weather discharges from urban areas located on the
coast affect marine environments which has led to the use of single
species bioassays on marine organisms of which one is used in
particular, the sea urchin Strongylocentrotus purpuratus (Jirik et al.,
1998; Schiff et al., 2002; Bay et al., 2003; Greenstein et al., 2004;
Kayhanian et al, 2008; Reifel et al, 2013). The bioassays per-
formed on this organism are based on assessing the inhibition of
their reproduction. Thus, they are carried out on eggs and sperm.
The sperm is exposed for 20 min to urban wet weather discharges
or contaminated media, then brought into contact with the eggs for
20 more minutes to determine the inhibition of egg fertilisation in
comparison to controls. Several studies performed to assess the
toxicity of urban and road runoff in California liable to affect the
coast showed that these organisms are highly sensitive to dis-
charges, and represent the most sensitive of the batteries of bio-
assays performed (Schiff et al., 2002; Kayhanian et al., 2008).
Greenstein et al. (2004) suggested that the toxicity observed on sea
urchins caused by road runoff in particular (obtained from a uni-
versity carpark) was due to the presence of metals (especially zinc)
whose presence in these discharges is considerable. Kayhanian
et al. (2008), proposed the same hypothesis.

- Bioassays on amphipods and crustaceans:

Crustaceans are organisms found in abundance in both marine
environments and in streams and rivers. Therefore ecotoxicological
bioassays have been carried out on freshwater organisms such as
amphipods: Gammarus pulex (Boxall and Maltby, 1995; Maltby
et al., 1995b) and Hyalella azteca (Karouna-Renier and Sparling,
1997; Hatch and Burton, 1999; Mayer et al., 2008; Bartlett et al.,
2012a, 2012b; Tixier et al., 2012; Weston and Lydy, 2012) as well
as on marine crustaceans: Rhepoxynius abronius (Hall et al., 1998;
Bay et al., 2003). These organisms are often used to both assess
the toxicity of contaminated discharges, water and sediments as
they are detritivores. They are used to represent benthic organisms
(notably in stormwater basins and in lentic systems) affected by
urban wet weather discharges (Mayer et al., 2008; Bartlett et al.,
2012a, 2012b). Generally, the tests performed on these organisms
and applied to urban wet weather discharges are lethality tests. The
main factor differentiating studies is exposure time, which can
range from 48 h to 28 days. Certain authors have studied other
sublethal parameters: growth and feeding behaviour (by studying
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the consumption of leaf discs) (see Tables 2 and 3). Certain studies,
such as those by Mayer et al. (2008), Bartlett et al. (2012a, 2012b),
appear to show that amphipods are sensitive to salts and metals
found in road discharges and stormwater basins and the sources of
toxicity found in these species.

- Other organisms:

Many other freshwater and marine invertebrate species have
been the subject of laboratory studies of urban wet weather dis-
charges (all the organisms are listed in Tables 2 and 3). Mention can
be made of the chironomid (Chironomus riparius) and worms (such
as Tubifex tubifex and Panagrellus redivivus) which have been used
to assess the toxicity of stormwater basins and that of the sedi-
ments of contaminated rivers. Also, other marine crustaceans have
been used like Mysidopsis bahia to assess the toxicity of urban wet
weather discharges on aquatic environments.

2.2.2.4. Bioassays on vertebrates. Regarding vertebrates, fish are
frequently used for ecotoxicological tests as they are common in
aquatic environments and also because they are of great economic
value (Milukaite et al., 2010). Many species have been used in
studies and the species represented in particular are: Pimephales
promelas (Hatch and Burton, 1999; Kayhanian et al, 2008;
McQueen et al., 2010) and Oncorhynchus mykiss (Bailey et al.,
1999; Milukaite et al, 2010). The tests performed on fish are
generally lethality tests (acute toxicity) with exposure times
ranging from 48 h to 12 days according to study. The results of these
tests are often expressed in survival percentage or LC50. Other tests
have also been developed to assess the impact of urban wet
weather discharges: embryotoxicity tests (Skinner et al., 1999)
assess the lowest concentrations for which undesirable effects are
observed (dysfunctions of eye size, pericardial effusion, etc.) are
observed (LOAECs) and growth inhibition after 21 days exposure
(Milukaite et al., 2010). Several studies have shown that tests on
fish were more sensitive to urban wet weather discharges than
classical tests on micro-crustaceans (especially C dubia)
(Kayhanian et al., 2008; Milukaite et al., 2010), although they are
more cumbersome to set up. This sensitivity is due to the organic
contamination of the discharges.

Other vertebrate organisms less known in ecotoxicology have
been the subject of single species bioassays. Mention can be made
of frogs (like Bufo americanus, Rana sylvatica, Hyla versicolor and
Bufo viridis), for which the survival of embryos/larvae and delayed
metamorphosis have been studied in particular (Snodgrass et al.,
2008; Brand et al., 2010; Dorchin and Shanas, 2010) after expo-
sure to discharges (especially from roads), and the sediments of
contaminated stormwater basins, since frogs are often found in
these basins where they lay their eggs and reproduce (Brand et al.,
2010) due to the colonisation of the basins by plants.

2.2.3. Large scale multi-species bioassays: micro- and mesocosms

It is possible to change scales to obtain a more representative
vision of the impact of urban wet weather discharges on the
environment, by studying several trophic levels simultaneously. It
is well-known that if a trophic link is affected, the links above it will
also be affected. Consequently, multi-species bioassays and micro
and mesocosm tests have been developed over the past few de-
cades. However, these tests are more difficult to set up and are
more expensive in terms of time, space and equipment. Also, the
interpretation of the results is more complex. Few studies of this
type have been performed for urban wet weather discharges. We
only found one, performed by Johnson et al. (2011). They studied
the impact of urban road runoff by using a 1300 L mesocosm
composed biologically of an algal community (primary producer),

snails of the genus Physa (Physa spp.) (primary consumers) and the
fish Lepomis gibbosus (secondary consumers) exposed for 28 days.
Parameters such as biomass, metabolic activities, mortality and
growth were measured. Only effects on algal populations were
observed. They concluded that the quality of the water itself could
not explain the impact on algae but supposed that the flow of runoff
during renewal of events would be responsible. But, it is only as-
sumptions without evidences. However, other authors such as
Villeneuve et al. (2011) already showed the effects of diet flow
(exposing periphyton to laminar or turbulent flow) of two pesti-
cides (diuron and azoxystrobin) mixed on the composition of
bacterial and algal communities exposed in mesocosms. They
concluded that the flow regime had a real impact on the effects of
the pesticides on the periphyton, with a higher sensitivity of
communities to pesticides.

2.2.4. In situ bioassays

Contrary to laboratory bioassays, few studies have focused on
the impact of urban wet weather discharges on the environment in
situ. Indeed, we only identified 8 studies. Some authors nonetheless
assert that the quality of receiving environments should be per-
formed by in situ tests with an evaluation of communities
(Marsalek et al., 1999b). These studies permit obtaining much
better representativeness of the exposure of organisms to the
matrices tested, as they take into account the temporal variations of
discharge toxicity. Many of these studies (Mulliss et al., 1997; Hatch
and Burton, 1999; Lieb and Carline, 2000; Grapentine et al., 2004;
Custer et al., 2006) are based on the “caging” principle, which
consists in caging the organisms studied and placing them in the
contaminated matrix or in the environment receiving the dis-
charges; the duration of exposure is fixed beforehand. Organisms
such as gammarids, H. azteca and fish are often used for caging
experiments. When setting up in situ tests, the exposure time for
organisms is often longer than in laboratory tests. Mention can be
made of Grapentine et al. (2004), who studied the toxicity of the
sediments of basins and streams contaminated by urban wet
weather discharges on Hyalella in the laboratory and in situ (cag-
ing) with exposure times of 28 days versus 7 weeks. This can be
explained by the fact that organisms were exposed periodically to
urban discharges during rainfall events, in renewed environments,
and that the impacts were visible at the end of a longer period.

There are other types of in situ tests for evaluating urban wet
weather discharges. Some consist in sampling organisms taken
directly from contaminated environments and monitoring their
physical condition through a reduction of immune system effi-
ciency or monitoring the mean age of the organisms observed
(Gillis, 2012). Others consist in monitoring, for example, the mor-
tality over several years of fish species that swim upstream in water
contaminated by discharges (McCarthy et al., 2008; Feist et al,,
2011).

Several authors (Marsalek et al., 1999b; Bay et al., 2003; Tang
et al., 2013) insist that in every case it is vital to multiply the
number of bioassays (notion of battery) based on various organisms
and toxicity parameters, as the discharges contain many micro-
pollutants with very different modes of action, in view to refining
the characterisation of urban wet weather discharges samples. As
described above, the different organisms used for bioassays do not
all have the same sensitivity to the different families of pollutants
present (e.g., sea urchins are sensitive to metals whereas gam-
marids are more sensitive to PAHs; crustaceans (like ceriodaphnia)
are more sensitive to pesticides than are sea urchins).

In addition, although batteries of bioassays permit observing the
toxicity of urban wet weather discharges on different families of
organisms, it remains vital to undertake chemical and ecotoxico-
logical analyses in parallel (Karlsson et al., 2010).
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2.3. An a priori method: the assessment of risks linked to urban wet
weather discharges

Several risk assessment methods for urban wet weather dis-
charges have already been used including for the assessment of
ecological risks through the calculation of risk factors and the study
of discharge pollution by methods like GIS (geographical informa-
tion system).

The assessment of ecotoxicological risks by calculating risk
factors is based on four major standard steps described by Perrodin
et al. (2011). These are: 1 — The definition/formulation of the
problem in which the study scenario is determined and the
different parameters (such as discharge flows, flow rates, etc.) are
presented and fixed. 2 — The characterisation of the exposure
which permits calculating the Predicted Environmental Concen-
tration (PEC) resulting from the concentrations of substances
selected in the substance approach, and the percentage of the
pollutant matrix in the environment in the matrix approach. 3 —
The characterisation of the effects, which assesses the sensitivity of
organisms to pollutants, especially through the utilisation of eco-
toxicological databases (substance approach) and the organisation
of ecotoxicological bioassays (matrix approach) which permits
calculating the Predicted No Effect Concentration (PNEC), by
assigning an extrapolation factor to this value. 4 — The characteri-
sation of the risk, involving the calculation of a risk factor
(RF = PEC/PNEC). This method has already been used by several
authors such as Angerville (2009), Angerville et al. (2013) and
Gooré Bi et al. (2015) for urban wet weather discharges. For
example, the latter applied this method to combined sewer over-
flows in a river in a sub-urban district of Lyon, in France. A disad-
vantage of these methods is the number of organisms used to
characterise the effects. Indeed, the smaller the number of organ-
isms, the higher the extrapolation factor and thus also the risk
(Angerville et al., 2013). It is therefore necessary to perform a large
number of tests (in the case of a matrix approach) to obtain a risk as
close as possible to that of the real risk. Eriksson et al. (2007) used a
procedure (known as CHIAT: Chemical Hazard Identification and
Assessment Tool) derived from the previous one, to calculate the
risk due to xenobiotic organic compounds (XOCs) present in urban
wet weather discharges into an urban stream in Denmark. Other
authors like Hall et al. (1998) and Brix et al. (2010) used the same
approach described by Perrodin et al. (2011), by following the
principle of the four steps but by using a probabilistic approach
considering, according to the authors, the variability of exposures
between individuals of a population to determine the risk.
Weinstein et al. (2010), used two risk assessment approaches,
including one similar to that of Perrodin et al. (2011), but based on
calculating two hazard coefficients representing the ecological risk
linked to PAHs present in the retention basins studied and based on
concentrations below which it is unlikely to observe harmful effects
on (TEC: Threshold Effect Concentration), concentrations above
which such harmful effects are probable (PEC: Probable Effect
Concentration), and on PAHs concentrations observed in
sediments.

One of the first objectives of risk assessment is to identify haz-
ard. Thus Baun et al. (2006) created a method (RICH: Ranking and
Identification of Chemical Hazards), which, on the basis of identi-
fying different pollutants in urban stormwater, aims at establishing
a hazard priority ranking, by taking into account physico-chemical,
persistence, bioaccumulation and ecotoxicity data. This method
permits, among other things, choosing the molecules to be studied
more precisely in procedures like risk assessments based on
calculating PEC/PNEC, the CHIAT method, etc.

In the study of ecological risks, the probability of occurrence of
ecological impacts is synonymous with risk (Ellis, 2000). Therefore

Novotny and Witte (1997) formulated a risk assessment method
related to the discharge of urban wet weather discharges in wa-
tercourses. It was based only on probabilistic statistical models that
took into account parameters such as the probability of a rain event
permits obtaining a certain concentration of pollutants in rain-
water, and the probability that this contamination will affect spe-
cies present in the environment (based on substance type bioassays
for 96 h on priority pollutants).

Ellis (2000) described the advantages and disadvantages of
these two types of risk assessment methods (approach by direct
toxicity assessment (DTA) and the probabilistic approach). The
latter only concerns acute risks due to urban wet weather dis-
charges, and does not permit taking account of pollutant bio-
accumulation phenomena or chronic effects due, for example, to
contaminated sediments. Furthermore, this type of method is
based only on bioassays most often performed for 48 or 96 h in the
laboratory, and not in situ. Also it uses inert substrates (sediments)
and does not take into account suspended particles. It is possible for
risk to be underestimated as the models built fail to take into ac-
count the “cocktail” effect of urban wet weather discharges, thus
the synergetic effect of pollutants, and the multiple exposures of
aquatic organisms to pollutants. However, this was done in the
methods employed in particular by Perrodin et al. (2011) and
Angerville et al. (2013) and which are widespread. Nonetheless,
another limitation of these methods is that they do not take into
account the duration of exposure to discharges, since toxicity tests
(often performed in the laboratory) do not take into account the
transient effects of discharge pollution or seasonal or even diurnal
variations (Ellis, 2000). What is more, the bioaccumulation phe-
nomena occurring in trophic networks, and those of eutrophication
in aquatic ecosystems, are rarely considered in this type of method
(Perrodin et al., 2011). The same problem of ignoring synergy/
antagonism also appears in substance type assessments.

Lastly, other authors use a GIS approach to predict the risk of
urban wet weather discharges spreading contamination to water
bodies. This was, for example, the case of Zandbergen (1998) who
used a set of indicators (impervious areas, river habitat, pollutant
loads, water quality, sediment quality, fish and human health) to
which he assigned a score expressing good or bad status in order to
draw a map showing the evolution of these indicators for the entire
catchment of the River Brunette in the area of Vancouver. Ellis et al.
(2012) also implemented a semi-quantitative method to assess the
risk of discharges passing through a sustainable urban drainage
system (SUDS) (such as retention basins, porous roads, etc.) and
their capacity to reduce the risk of discharges. To do this they used a
pollution index and a pollution reduction index based on a GIS that
took into account different indicators like sealed surface, runoff
concentration/load and the potential treatment performance of
individual SUDS. However, these tools still need developing as they
consider only the worst cases of pollution by runoff. Nonetheless,
they encourage the creation of more refined methods for assessing
the risks linked to them (Ellis et al., 2012).

More qualitative methods also exist for characterising the risk
linked to pollutants in urban wet weather discharges, like that of
Lundy et al. (2012), based on the formulation of numerical values
(1-5) for both the probability of occurrence of these pollutants in
discharges, and of their level of impact on receiving aquatic
environments.

2.4. Methods for modelling the pollution impact of urban wet
weather discharges

Other less frequently used methods of studying the impact of
urban wet weather discharges have emerged in recent years.
Among these, methods of modelling the toxicity of urban wet
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weather discharges have been developed. The main causes of
mortality observed in fish during rainfall events are hypoxia and
the presence of ammonia in large quantities. Thus Magaud et al.
(1997) developed a model based on laboratory tests performed
on O. mykiss. They built a model expressing the probability that
these organisms would die as a function of two key parameters for
their survival: concentrations of ammonia and dissolved oxygen in
water. The limitation of their model was that it failed to take into
account other parameters crucial for the survival of the fish stud-
ied: exposure time and the concentration of the toxic pollutants in
the discharges. Indeed, Zhang et al. (2011) developed a time-
dependent model of the toxicity of PAHs present in urban road
discharges based on a model built by Lee et al. (2002a, 2002b). To
do this, they took into account spatial—-temporal variations in the
composition of discharges, with a pulse-exposure of organisms, to
make it more realistic. They coupled the known ecotoxicological
data of these compounds with field data (concentrations of PAHs in
the discharges and the duration of rainfall events) to calculate the
toxicity that these events would cause for different aquatic species.
The aim of the model was to take into account parameters that
classical laboratory tests cannot, such as the considerable vari-
ability of rainfall events. Indeed, it is acknowledged that it is diffi-
cult to characterise the impact of these events using aquatic
organisms after short and intermittent exposures. However, if some
authors tend to say that the flow regime (laminar or turbulent)
during rainfall events could also have an effect on the impact of
urban discharges during rainy weather on the ecosystem, no study
considers the parameter in their models.

In addition, as shown by Magaud et al. (1997), it is important to
couple the different parameters studied in models (in this case
oxygen and ammonia) rather than simply add the effects of each
parameter separately. Indeed, the authors obtained lower fish
survival values when the fish were exposed to two combined
stresses, rather when the effects obtained for each stress were
added. These observations reflect the problem of the synergies and
antagonisms between different pollutants and parameters.

3. The limits of current methods and the alternative
techniques implemented

We saw previously that each of the techniques and organisms
used has advantages and disadvantages for studying the impact of
urban wet weather discharges. The aim here is to identify the
different limits of the methods used classically, and the different
solutions that may be proposed.

As explained above, physico-chemical analyses do not allow
explaining the impact of discharges on organisms (Ellis, 2000).
Furthermore, they often underestimate the severity of contami-
nation in the water column, as this can vary very rapidly (Burton
et al., 2000). To achieve this, it is therefore necessary to perform
studies on living organisms. Although acute and chronic bioassays
in the laboratory have allowed the observation of toxicity on
different species, their use for assessing the impact of urban wet
weather discharges is limited by several weaknesses:

e There is a lack of representativeness of the exposure of organ-
isms to the discharges studied. Indeed, these studies often
consider that organisms are exposed to pollutants continuously.
However, it is acknowledged that in reality, due to short though
intense rain events, these organisms are exposed episodically to
discharges for several hours. This is why certain researchers
have sought to develop alternative methods in which organisms
are exposed to shorter periods (several hours) before observing
the effects of this exposure over several days in a test medium
for control. This is the pulse-exposure method implemented in

particular by Brent and Herricks (1999) and Rosenkrantz et al.

(2008). These exposures often produce higher toxicity than

continuous exposures to discharges (Burton et al., 2000). Lab-

oratory tests therefore lead to underestimation of the toxicity of
urban wet weather discharges.

In addition, the samples (whether contaminated water or sed-

iments) used in laboratory bioassays are often conserved by

freezing. Thus the organic micropollutants (such as pesticides
and PAHs) are liable to be degraded. Although this has been
demonstrated with pharmaceutical compounds in wastewater

(Fedorova et al., 2014; Negreira et al., 2014), no study has yet

focused on this phenomenon in other families of toxic micro-

pollutants. However, it is highly likely that this is the case with
the different families of organic micropollutants found in urban
wet weather discharges.

e Due to reasons that are often of a technical, human or material
nature, the ecotoxicological studies performed on the urban wet
weather discharges frequently use punctual samples taken from
the sewer systems draining these discharges; temporal vari-
ability is not represented in this case regarding drainage
installations.

e Lastly, often a single (or a relatively limited number) species is
studied, whereas it is necessary to widen the scope (only one
mesocosm study has been performed) of studies on the impact
of urban wet weather discharges to obtain more results more
representative of ecosystem impacts.

Although biological indices can be used to study modifications
in the composition of communities exposed in situ to rain events,
by conforming to the dilution of discharges in the environment and
to exposure times, they nonetheless have major disadvantages:

e Species can also react to a stress other than that sought
(contamination by pollutants) (Parent-Raoult and Boisson,
2007; Damasio et al., 2008) which makes the interpretation of
the results much more difficult than with ecotoxicological tests.

e There is also a problem of natural variability (Roper et al., 1988)
in space (notably in estuaries) and time (reproduction cycles
during the year, etc.), which makes it difficult to assess the im-
pacts that can be very different over very short distances and the
times of the year when communities are analysed.

Risk assessments and impact modelling methods do not allow
asserting that an impact will actually occur in an ecosystem,
although they remain a good preventive tool for managers of urban
wastewater treatment and drainage networks.

Consequently to offset the limits of different methods, most of
them are in combination in order to complete and compensate the
failings of each one, that is to say that ecotoxicological studies and
biological indices are frequently coupled with chemical analyses to
better understand the results obtained. The only disadvantage is
that physico-chemical analyses do not allow to assess which group
of pollutants is responsible in particular for the effects observed
(except when only one group of pollutants is present). This is why
studies are generalised in the assessment of urban wet weather
discharges: the methods used in this case are known as Toxicity
Identification Evaluations (TIE). These are initially based on estab-
lishing a general profile of the compounds likely to be the source of
toxicity, after which the matrixes are studied. For example,
Gersberg et al. (2004) used EDTA, a chelating agent, to remove all
the divalent metals present in the samples in order to test toxicity
once the target group of micropollutants had been eliminated.

Furthermore, other approaches have been developed, such as
the triad approach for benthic organisms (in rivers, seas and ba-
sins), which consists in performing a physico-chemical analysis,
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Fig. 2. Schematic diagram of how a biosensor functions. The red arrow shows the transmission of the biochemical information received by the bio-receptor to the transducer which
changes it into a physico-chemical signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ecotoxicological bioassays and an in situ study at the same time on
communities to obtain a global vision of the impact of urban wet
weather discharges. This was done, for example, by Tixier et al.
(2012). However, these studies are relatively complex to perform.
In situ bioassays (like caging an organism on site before and after
urban wet weather discharges) nonetheless represent a good
compromise between laboratory studies and studies of
communities.

4. Towards new procedures for studying the pollution impact
of urban wet weather discharges: biosensors

As seen previously, “classical” impact studies do not appear to
fully represent the harm really affecting the environments
receiving urban wet weather discharges, and some of them are
cumbersome to implement. It is therefore necessary to find new
means for monitoring urban wet weather discharges. Certain
studies have dealt with the utilisation of sensors capable of
continuously monitoring physico-chemical parameters on
receiving sites affected by urban wet weather discharges (Ruban,
1995; Zug et al, 2001). However, biological monitoring is
required to evaluate the ecological impact of urban wet weather
discharges. Biosensors have been developed over the last ten years
to solve this shortcoming. They are tools comprising two compo-
nents: a bio-receptor and a transducer capable of converting
biochemical information (like a concentration into analytes)
emitted by the receptor into physico-chemical signals (Thévenot
et al.,, 2001) (see Fig. 2). The bio-receptors are generally in contact
with a transducer or immobilised on it.

Biosensors have been applied more recently to studying the
environment. Their sensitivity has been proven and they allow
continuous monitoring of water pollution in situ (Rogers, 1995),
contrary to laboratory tests. Thus, they are ecologically pertinent
tools. They also have the advantage of being far less expensive than
chemical analyses and classical ecotoxicological tests, while
providing good sensitivity, selectiveness and reproducibility
(Dennison and Turner, 1995; Rogers, 2006). Furthermore, certain
biosensors are very useful tools as they do not only determine the
presence and even the concentrations of chemical pollutants in an
aquatic ecosystem, they can also be used to observe a biological
response of the organisms or the aquatic environment analysed to
the toxicity of a pollutant or discharge (Rodriguez-Mozaz et al.,
2005).

The nature of bioreceptors used for monitoring aquatic envi-
ronments is varied (see Fig. 2). DNA, antibodies or purified enzymes
can for example constitute the bioreceptor, with high specificity

reaction with the analyte. However, their main drawback is that
they are unrepresentative of the real impact of pollutants on the
aquatic environment and only to detect the presence of their target
compounds. They don't take into account the biodisponibility of
pollutant, and the fact that in cells some pollutant's sensitive en-
zymes can be conserved by native cellular machinery (Pancrazio
et al.,, 1999). This weakness has been improved by development
of whole-cell biosensors which often use unicellular microorgan-
isms. They allow to take into account the complex relationships
between different cellular compartments and enzymes. They also
have the advantage to give informations on both the bioavailability
and the presence of pollutants, and give various toxicity in-
formations according to the studied metabolic reactions and
transducers used (Hansen and Sorensen, 2001; Lagarde and
Jaffrezic-Renault, 2011). Thus, unicellular organisms such as bac-
teria (Willardson et al., 1998; Kumar et al., 2006; Gavlasova et al.,
2008) algae (Chouteau et al., 2005; Tsopela et al., 2014) or yeast
(Campanella et al., 1995; Hollis et al., 2000) have been used to
measure the toxicity of pollutants. It is therefore possible to
monitor the impact of toxic both in prokaryotes and eukaryotes
(Lagarde and Jaffrezic-Renault, 2011). Furthermore, these whole-
cell biosensors remain, despite the complexity of the organisms,
relatively sensitive results in numerous contaminants, as shown
Chouteau et al. (2005) who developed conductometric biosensor
algal cell, allowing the observation of inhibition of the alkaline
phosphatase enzyme activity (APA) to observe effects at concen-
trations of metals (Zinc, Cadmium) of 10 ppb. Thus, they should be
preferred to allow a realistic observation (when they are not
genetically modified) of the effects of urban wet weather dis-
charges on the environment. However, whole-cell biosensors also
have some drawbacks. For example, the bioreceptor immobilisation
step on the transducer can lead to a decrease of the biosensor
sensitivity (Eltzov and Marks, 2011). For example, immobilisation
using matrix as alginate, albumin or sol—gel which can create a
barrier against the diffusion of pollutant to the organisms. It has
been shown by Awasthi and Rai (2005), with algae immobilised in
alginate and exposed to nickel, zinc, and cadmium. In the case of
physical adsorption of cells, as for conductimetric biosensors, a
release of cell can appear after few days. It has been demonstrated
by Guedri and Durrieu (2008) with algae physically immobilised on
self-assembled monolayers (SAMs) of alkanethiolate. Another
important point is the conservation of the total integrity and ac-
tivity of the cells, without any perturbation. Some procedure, as
direct sol—gel matrix immobilisation of cells, can impact cell
viability (Ferro et al., 2012). Finally, some problem of reproductivity
can also appear (Gu et al., 2004). It's why further researches are still
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necessary to improve these critical points.

A large number of biosensors have been developed according to
the families of toxic pollutants to be studied. Thus biosensors have
already been used to measure the presence and/or impact of pes-
ticides (Védrine et al., 2003; Chouteau et al., 2005; Touloupakis
et al, 2005; Mauriz et al, 2007; Durrieu et al., 2011), heavy
metals (Bontidean et al., 2003; Chouteau et al., 2005), PAHs (Alarie
et al., 1990; Willardson et al., 1998) and PCBs (Gavlasova et al.,
2008), all pollutants found in urban wet weather discharges.
However, biosensors are often based on a substance approach,
where the pollutant studied is diluted in a solution of pure water.
Thus they do not clearly establish the impact of pollutants in whole
discharges.

Studies have already been performed to evaluate the hazard of
certain urban discharges (in situ matrix monitoring). This is the case
of wastewater treatment plant effluents, and bacterial biosensors
have been developed to study PAHs, phenols, pharmaceutical
compounds and pesticides (Farré and Barceld, 2003). However,
there is a surprising lack of attention given to the continuous in situ
monitoring of urban wet weather discharges as a study matrix.
Only one study identified, by Ferro (2013), attempted to evaluate
the impact of urban wet weather discharges using biosensors based
on algal cells. He highlighted the sensitivity for studying discharges
of certain enzymatic biomarkers such as Esterase Activity (EA) and
Alkaline Phosphatase Activity (APA) in the implementation of
conductimetric biosensors, Catalase Activity (CA) coupled with an
oximetry transducer, and photosynthetic activity coupled with an
optical transducer. Statistical treatments performed in comparison
with the compositions of the discharges studied and the distur-
bances caused by these activities have shown that they are spe-
cifically inhibited by certain of the families of pollutants present
(e.g., effects of PAHs on EA and effects of metals on APA). But, the
specificity of enzymatic or metabolic response to pollutants re-
mains challenging to bring out (Gu et al., 2004).

Although biosensors remain qualitative tools at present, they
nonetheless represent an efficient resource for predicting and
evaluating the pollution of urban aquatic environments.

5. Conclusion and outlook

In this study we attempted to summarise all the different
techniques used at present to evaluate the impact of urban wet
weather discharges on ecosystems. Despite the growing number of
studies on evaluating the impact of urban wet weather discharges,
their number still remains relatively low (as shown in Tables 1-3).
The important spatial and temporal variation of urban wet weather
discharges complicates the assessment of their impact (by sub-
stance and matrix approach) on ecosystems (marine and fresh-
water). It's why a large array of methods/tools has been developed,
which generally include chemical and physicochemical analyses,
batteries of bioassays and in situ tests (whether through the study
of biological indices or ecotoxicological studies).

Nonetheless, chemical and physico-chemical analyses alone are
not enough to predict the ecological impact of discharges on eco-
systems. Ecotoxicological bioassays, most usually carried out in the
laboratory (though sometimes in situ) only take into account a small
number of selected organisms and lack realism (especially for the
substance approach). It's why the utilisation of these bioassays is
now questioned. They are performed under controlled conditions on
samples taken and often stored for periods of varying length. How-
ever, in recent years, researchers have tended to show that the
conservation of samples, even by freezing, leads to their modification
(such a reduction in the concentrations of micropollutants present).

It is now well known that field studies (bioassays and indices)
integrate the complexity of phenomena more completely. However,

in order to perform in-depth studies of the impact of urban wet
weather discharges, many researchers combine ecotoxicological
studies, biological indices and chemical analyses to determine
which pollutants are responsible for the impact of discharges.
These methods are nonetheless expensive and time-consuming
to implement, and they do not permit continuous monitoring of the
pollution of urban wet weather discharges. Moreover, the
complexity of the results obtained often leads to a limitation of
their interpretation. This has led over the past few years to the
development of new tools for monitoring them: biosensors. These
are designed to evaluate the toxicity of matrixes for organisms
exposed in situ and continuously. They are good tools that could be
useful both for researchers and for managers of urban wet weather
discharges. In an embryonic stage at present, they don't allow
quantifying pollutants in environments, and chemical analyses
remain essential. The aim of these tools is therefore to backup those
already available. They are still subject to laboratory studies and
only one study (using immobilised algae) has emerged. For all that,
the potential of biosensors is strong, which makes it necessary to:

o Continue to develop the utilisation of existing biosensors (with
algae) that appear promising for in situ and continuous moni-
toring and develop new biosensors using species from other
compartments (primary and secondary consumers, de-
composers) and adapted to the field. This would permit moni-
toring the toxicity of discharges continuously in situ at different
trophic levels and lead to better understanding of their impact
on ecosystems, since the effects observed by monitoring only
one species cannot be extrapolated to other organisms.

In addition to developing biosensors:

e Favour more comprehensive in situ studies of the variation of
pollution in watercourses during rainfall events. These would
take into account the whole rainfall event, contrary to studies
performed on samples taken punctually.

Improve and facilitate the development of laboratory tech-
niques to obtain more sensitive results, especially through
longer exposures and chronic bioassays that often show toxic
impacts not detected by acute toxicity tests, and tests that are
more representative of the exposures actually incurred by or-
ganisms, something that has already been done, for example,
with pulse exposures.

Acknowledgements

This work has been scientifically and financially supported by
the French Ministry of Ecology and Sustainable Development, the
French Ministry of Higher Education and Research and the Uni-
versity of Lyon (Faculté des Sciences et Technologies).

References

Adema, D.M.M,, 1978. Daphnia magna as a test animal in acute and chronic toxicity
tests. Hydrobiologia 59 (2), 125—134. http://dx.doi.org/10.1007/BF00020773.

Admiraal, W., Barranguet, C., Van Beusekom, S.A.M., Bleeker, E.AJ., Van den
Ende, FP, Van der Geest, H.G., Groenendijk, D., Ivorra, N., Kraak, M.H.S.,
Stuijfzand, S.C., 2000. Linking ecological and ecotoxicological techniques to
support river rehabilitation. Chemosphere 41 (1), 289—295. http://dx.doi.org/
10.1016/S0045-6535(99)00423-3.

Alarie, ].P., Bowyer, ].R., Sepaniak, M.]., Hoyt, A.M., Tuan, Vo-dinh, 1990. Fluorescence
monitoring of a benzo[a]pyrene metabolite using a regenerable
immunochemical-based fiber-optic sensor. Anal. Chim. Acta 236, 237—244.
http://dx.doi.org/10.1016/S0003-2670(00)83317-6.

Ancion, P.-Y., 2010. Use of Stream Biofilm Microbial Communities and Associated
Metals as Indicators of Urban Runoff Impact on Freshwater Ecosystems (Thesis
of the University of Auckland), p. 287.

Ancion, P-Y., Lear, G., Lewis, G.D., 2010. Three common metal contaminants of


http://dx.doi.org/10.1007/BF00020773
http://dx.doi.org/10.1016/S0045-6535(99)00423-3
http://dx.doi.org/10.1016/S0045-6535(99)00423-3
http://dx.doi.org/10.1016/S0003-2670(00)83317-6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref4
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref4
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref4

A. Gosset et al. /| Water Research 89 (2016) 330—354 351

urban runoff (Zn, Cu & Pb) accumulate in freshwater biofilm and modify
embedded bacterial communities. Environ. Pollut. 158 (8), 2738—2745. http://
dx.doi.org/10.1016/j.envpol.2010.04.013.

Angerville, R., 2009. Ecotoxicological Risks Evaluation of Urban Wet-Weather Flows
(UWWEF) Spills in Streams: Application to a French City and a Haitian City
(Evaluation des risques écotoxicologiques liés au déversement de Rejets
Urbains par Temps de Pluie (RUTP) dans les cours d'eau: Application a une ville
frangaise et a une ville haitienne) (PhD thesis). National Institute of Applied
Sciences of Lyon, p. 485.

Angerville, R., Perrodin, Y., Bazin, C., Emmanuel, E., 2013. Evaluation of ecotoxico-
logical risks related to the discharge of combined sewer overflows (CSOs) in a
periurban river. Int. J. Environ. Res. Public Health 10 (7), 2670—2687. http://
dx.doi.org/10.3390/ijerph10072670.

Armstrong, J.W., Thom, R.M., Chew, K.K., 1980. Impact of a combined sewer over-
flow on the abundance, distribution and community structure of subtidal
benthos. Mar. Environ. Res. 4 (1), 3—23. http://dx.doi.org/10.1016/0141-1136(80)
90056-2.

Awasthi, M., Rai, L.C., 2005. Toxicity of nickel, zinc, and cadmium to nitrate uptake
in free and immobilized cells of Scenedesmus quadricauda. Ecotoxicol. Environ.
Saf. 61 (2), 268—272. http://dx.doi.org/10.1016/j.ecoenv.2004.12.018.

Bailey, H.C., Elphick, J.R., Potter, A., Zak, B., 1999. Zinc toxicity in stormwater runoff
from sawmills in British Columbia. Water Res. 33 (11), 2721-2725. http://
dx.doi.org/10.1016/S0043-1354(98)00487-4.

Bailey, H.C., Miller, ]J.L., Miller, M.J., Wiborg, L.C., Deanovic, L., Shed, T., 1997. Joint
acute toxicity of diazinon and chlorpyrifos to Ceriodaphnia dubia. Environ.
Toxicol. Chem. 16 (11), 2304—2308. http://dx.doi.org/10.1002/etc.5620161115.

Banks, K.E., Turner, P.K., Wood, S.H., Matthews, C., 2005. Increased toxicity to Cer-
iodaphnia dubia in mixtures of atrazine and diazinon at environmentally
realistic concentrations. Ecotoxicol. Environ. Saf. 60 (1), 28—36. http://
dx.doi.org/10.1016/j.ecoenv.2003.12.016.

Barlocher, F, 1985. The role of fungi in the nutrition of stream invertebrates. Bot. J.
Linn. Soc. 91 (1-2), 83-94. http://dx.doi.org/10.1111/j.1095-
8339.1985.tb01137.x.

Bartlett, AJ., Rochfort, Q., Brown, LR, Marsalek, J., 2012a. Causes of toxicity to
Hyalella azteca in a stormwater management facility receiving highway runoff
and snowmelt. Part I: polycyclic aromatic hydrocarbons and metals. Sci. Total
Environ. 414 (0), 227—237. http://dx.doi.org/10.1016/j.scitotenv.2011.11.041.

Bartlett, AJ., Rochfort, Q., Brown, LR., Marsalek, ]., 2012b. Causes of toxicity to
Hyalella azteca in a stormwater management facility receiving highway runoff
and snowmelt. Part II: salts, nutrients, and water quality. Sci. Total Environ. 414
(0), 238—247. http://dx.doi.org/10.1016/].scitotenv.2011.11.036.

Baun, A,, Eriksson, E., Ledin, A., Mikkelsen, P.S., 2006. A methodology for ranking
and hazard identification of xenobiotic organic compounds in urban storm-
water. Sci. Total Environ. 370 (1), 29-38. http://dx.doi.org/10.1016/
j.scitotenv.2006.05.017.

Bay, S., Jones, B.H., Schiff, K., Washburn, L., 2003. Water quality impacts of storm-
water discharges to Santa Monica Bay. Mar. Environ. Res. 56 (1-2), 205—223.
http://dx.doi.org/10.1016/S0141-1136(02)00331-8.

Becouze-Lareure, C., 2012. Multi-level approach of the ecotoxicological impact of a
combined sewer overflow on a peri-urban stream. J. Water Resour. Prot. 04 (11),
984—992. http://dx.doi.org/10.4236/jwarp.2012.411114.

Bjorklund, K., Cousins, A.P., Stromvall, A.-M., Malmqvist, P.-A., 2009. Phthalates and
nonylphenols in urban runoff: occurrence, distribution and area emission fac-
tors. Sci. Total Environ. 407 (16), 4665—4672. http://dx.doi.org/10.1016/
j.scitotenv.2009.04.040.

Blaise, C., 1991. Microbiotests in aquatic ecotoxicology: characteristics, utility, and
prospects. Environ. Toxicol. Water Qual. 6 (2), 145—155. http://dx.doi.org/
10.1002/tox.2530060204.

Boisson, J., Perrodin, Y., 2006. Effects of road runoff on biomass and metabolic ac-
tivity of periphyton in experimental streams. ]. Hazard. Mater. 132 (2—3),
148—154. http://dx.doi.org/10.1016/j.jhazmat.2005.07.083.

Bontidean, I, Ahlqvist, ], Mulchandani, A., Chen, W., Bae, W.,, Mehra, RK,,
Mortari, A., Csoregi, E., 2003. Novel synthetic phytochelatin-based capacitive
biosensor for heavy metal ion detection. Biosens. Bioelectron. 18 (5—6),
547—553. http://dx.doi.org/10.1016/S0956-5663(03)00026-5.

Borchardt, D., Statzner, B., 1990. Ecological impact of urban stormwater runoff
studied in experimental flumes: population loss by drift and availability of
refugial space. Aquat. Sci. 52 (4), 299—314.

Boxall, A.B.A.,, Maltby, L., 1995. The characterization and toxicity of sediment
contaminated with road runoff. Water Res. 29 (9), 2043—2050. http://
dx.doi.org/10.1016/0043-1354(95)00029-K.

Brand, A.B., Snodgrass, ].W., Gallagher, M.T., Casey, R.E., Van Meter, R., 2010. Lethal
and sublethal effects of embryonic and larval exposure of Hyla versicolor to
stormwater pond sediments. Arch. Environ. Contam. Toxicol. 58 (2), 325—331.
http://dx.doi.org/10.1007/s00244-009-9373-0.

Brent, R., Herricks, E., 1999. A method for the toxicity assessment of wet weather
events. Water Res. 33 (10), 2255—2264. http://dx.doi.org/10.1016/S0043-
1354(98)00451-5.

Brix, K.V., Keithly, ]., Santore, R.C., DeForest, D.K., Tobiason, S., 2010. Ecological risk
assessment of zinc from stormwater runoff to an aquatic ecosystem. Sci. Total
Environ. 408 (8), 1824—1832. http://dx.doi.org/10.1016/j.scitotenv.2009.12.004.

Brunke, M., 1999. Colmation and depth filtration within streambeds: retention of
particles in hyporheic interstices. Int. Rev. Hydrobiol. 84, 99—117.

Burm, RJ., Krawszyk, D.F.,, Harlow, G.L., 1968. Chemical and physical comparison of
combined and separate sewer discharges. ]. Water Pollut. Control Fed. 40 (1),

112—-126.

Burton, G.A., Pitt, R., Clark, S., 2000. The role of traditional and novel toxicity test
methods in assessing stormwater and sediment contamination. Crit. Rev. En-
viron. Sci. Technol. 30 (4), 413—447. http://dx.doi.org/10.1080/
10643380091184228.

Campanella, L., Favero, G., Tomassetti, M., 1995. Immobilised yeast cells biosensor
for total toxicity testing. Sci. Total Environ. 171 (1-3), 227—234.

Cao, Y., Bark, AW, Williams, W.P, 1996. Measuring the responses of macro-
invertebrate communities to water pollution: a comparison of multivariate
approaches, biotic and diversity indices. Hydrobiologia 341 (1), 1-19. http://
dx.doi.org/10.1007/BF00012298.

Casadio, A., Maglionico, M., Bolognesi, A., Artina, S., 2010. Toxicity and pollutant
impact analysis in an urban river due to combined sewer overflows loads.
Water Sci. Technol. 61 (1), 207. http://dx.doi.org/10.2166/wst.2010.809.

Chapman, P.M., 2000. Whole effluent toxicity testing—usefulness, level of protec-
tion, and risk assessment. Environ. Toxicol. Chem. 19 (1), 3—13. http://
dx.doi.org/10.1002/etc.5620190102.

Chebbo, G., Gromaire, M.C., 2004. The experimental urban catchment “Le Marais” in
Paris: what lessons can be learned from it? J. Hydrol. 299 (3—4), 312—323.
http://dx.doi.org/10.1016/j.jhydrol.2004.08.011.

Chen, F, Gao, J., Zhou, Q., 2012. Toxicity assessment of simulated urban runoff
containing polycyclic musks and cadmium in Carassius auratus using oxidative
stress biomarkers. Environ. Pollut. 162, 91-97. http://dx.doi.org/10.1016/
j.envpol.2011.10.016.

Chocat, B., Ashley, R., Marsalek, J., Matos, M.R., Rauch, W., Schilling, W., Urbonas, B.,
2007. Toward the sustainable management of urban storm-water. Indoor Built
Environ. 16 (3), 273—285. http://dx.doi.org/10.1177/1420326X07078854.

Chong, M.N,, Sidhu, ]., Aryal, R,, Tang, ]., Gernjak, W., Escher, B., Toze, S., 2013. Urban
stormwater harvesting and reuse: a probe into the chemical, toxicology and
microbiological contaminants in water quality. Environ. Monit. Assess. 185 (8),
6645—6652. http://dx.doi.org/10.1007/s10661-012-3053-7.

Chouteau, C., Dzyadevych, S., Durrieu, C., Chovelon, ]J., 2005. A bi-enzymatic whole
cell conductometric biosensor for heavy metal ions and pesticides detection in
water samples. Biosens. Bioelectron. 21 (2), 273—281. http://dx.doi.org/10.1016/
j.bi0s.2004.09.032.

Christensen, A.M., Nakajima, F., Baun, A., 2006. Toxicity of water and sediment in a
small urban river (Store Vejled, Denmark). Environ. Pollut. 144 (2), 621-625.
http://dx.doi.org/10.1016/j.envpol.2006.01.032.

Cladiere, M., Gasperi, ]J., Lorgeoux, C., Bonhomme, C., Rocher, V., Tassin, B., 2012.
Alkylphenolic compounds and bisphenol A contamination within a heavily
urbanized area: case study of Paris. Environ. Sci. Pollut. Res. 20 (5), 2973—2983.
http://dx.doi.org/10.1007/s11356-012-1220-6.

Colton, M.D., Kwok, KW.H., Brandon, J.A., Warren, L.H., Ryde, L.T., Cooper, E.M.,
Hinton, D.E., Rittschof, D., Meyer, J.N., 2014. Developmental toxicity and DNA
damage from exposure to parking lot runoff retention pond samples in the
Japanese medaka (Oryzias latipes). Mar. Environ. Res. 99 (0), 117—124. http://
dx.doi.org/10.1016/j.marenvres.2014.04.007.

Curren, J., Bush, S., Ha, S., Stenstrom, M.K,, Lau, S.-L., Suffet, LH.M., 2011. Identifi-
cation of subwatershed sources for chlorinated pesticides and polychlorinated
biphenyls in the Ballona Creek watershed. Sci. Total Environ. 409 (13),
2525-2533. http://dx.doi.org/10.1016/j.scitotenv.2011.03.019.

Custer, KW., Burton, G.A., Coelho, R.S., Smith, PR, 2006. Determining stressor
presence in streams receiving urban and agricultural runoff: development of a
benthic in situ toxicity identification evaluation method. Environ. Toxicol.
Chem. 25 (9), 2299—-2305. http://dx.doi.org/10.1897/05-430R.1.

Dahms, H.-U.,, Hagiwara, A, Lee, ].-S., 2011. Ecotoxicology, ecophysiology, and
mechanistic studies with rotifers. Aquat. Toxicol. 101 (1), 1-12. http://
dx.doi.org/10.1016/j.aquatox.2010.09.006.

Damasio, J., Tauler, R, Teixido, E., Rieradevall, M., Prat, N., Riva, M., Soares, A.,
Barata, C., 2008. Combined use of Daphnia magna in situ bioassays, biomarkers
and biological indices to diagnose and identify environmental pressures on
invertebrate communities in two Mediterranean urbanized and industrialized
rivers (NE Spain). Aquat. Toxicol. 87 (4), 310—320. http://dx.doi.org/10.1016/
j.aquatox.2008.02.016.

Deffontis, S., Breton, A. Vialle, C., Montréjaud-Vignoles, M. Vignoles, C.,
Sablayrolles, C., 2013. Impact of dry weather discharges on annual pollution
from a separate storm sewer in Toulouse, France. Sci. Total Environ. 452—453,
394—403. http://dx.doi.org/10.1016/j.scitotenv.2013.03.014.

Dennison, M.J., Turner, A.P.E,, 1995. Biosensors for environmental monitoring. Bio-
technol. Adv. 13 (1), 1-12. http://dx.doi.org/10.1016/0734-9750(94)00020-D.

Directive 91/271/EEC of 21 May 1991 concerning urban wastewater treatment. Off.
J. L135, 40-52.

Directive 2000/60/EC of the European Parliament and of the Council of 23 October
2000 establishing a framework for community action in the field of water
Policy. Off. J. L327,1-73.

Dorchin, A., Shanas, U., 2010. Assessment of pollution in road runoff using a Bufo
viridis biological assay. Environ. Pollut. 158 (12), 3626—3633. http://dx.doi.org/
10.1016/j.envpol.2010.08.004.

Durrieu, C., Guedri, H., Fremion, F, Volatier, L., 2011. Unicellular algae used as bio-
sensors for chemical detection in Mediterranean lagoon and coastal waters. Res.
Microbiol. 162 (9), 908—914. http://dx.doi.org/10.1016/j.resmic.2011.07.002.

Dwight, R.H., Caplan, ].S., Brinks, M.V,, Catlin, S.N., Buescher, G., Semenza, ].C., 2011.
Influence of variable precipitation on coastal water quality in Southern Cali-
fornia. Water Environ. Res. 83 (12), 2121-2130. http://dx.doi.org/10.2175/
106143011X12928814444574.


http://dx.doi.org/10.1016/j.envpol.2010.04.013
http://dx.doi.org/10.1016/j.envpol.2010.04.013
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref6
http://dx.doi.org/10.3390/ijerph10072670
http://dx.doi.org/10.3390/ijerph10072670
http://dx.doi.org/10.1016/0141-1136(80)90056-2
http://dx.doi.org/10.1016/0141-1136(80)90056-2
http://dx.doi.org/10.1016/j.ecoenv.2004.12.018
http://dx.doi.org/10.1016/S0043-1354(98)00487-4
http://dx.doi.org/10.1016/S0043-1354(98)00487-4
http://dx.doi.org/10.1002/etc.5620161115
http://dx.doi.org/10.1016/j.ecoenv.2003.12.016
http://dx.doi.org/10.1016/j.ecoenv.2003.12.016
http://dx.doi.org/10.1111/j.1095-8339.1985.tb01137.x
http://dx.doi.org/10.1111/j.1095-8339.1985.tb01137.x
http://dx.doi.org/10.1016/j.scitotenv.2011.11.041
http://dx.doi.org/10.1016/j.scitotenv.2011.11.036
http://dx.doi.org/10.1016/j.scitotenv.2006.05.017
http://dx.doi.org/10.1016/j.scitotenv.2006.05.017
http://dx.doi.org/10.1016/S0141-1136(02)00331-8
http://dx.doi.org/10.4236/jwarp.2012.411114
http://dx.doi.org/10.1016/j.scitotenv.2009.04.040
http://dx.doi.org/10.1016/j.scitotenv.2009.04.040
http://dx.doi.org/10.1002/tox.2530060204
http://dx.doi.org/10.1002/tox.2530060204
http://dx.doi.org/10.1016/j.jhazmat.2005.07.083
http://dx.doi.org/10.1016/S0956-5663(03)00026-5
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref209
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref209
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref209
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref209
http://dx.doi.org/10.1016/0043-1354(95)00029-K
http://dx.doi.org/10.1016/0043-1354(95)00029-K
http://dx.doi.org/10.1007/s00244-009-9373-0
http://dx.doi.org/10.1016/S0043-1354(98)00451-5
http://dx.doi.org/10.1016/S0043-1354(98)00451-5
http://dx.doi.org/10.1016/j.scitotenv.2009.12.004
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref28
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref28
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref28
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref29
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref29
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref29
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref29
http://dx.doi.org/10.1080/10643380091184228
http://dx.doi.org/10.1080/10643380091184228
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref31
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref31
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref31
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref31
http://dx.doi.org/10.1007/BF00012298
http://dx.doi.org/10.1007/BF00012298
http://dx.doi.org/10.2166/wst.2010.809
http://dx.doi.org/10.1002/etc.5620190102
http://dx.doi.org/10.1002/etc.5620190102
http://dx.doi.org/10.1016/j.jhydrol.2004.08.011
http://dx.doi.org/10.1016/j.envpol.2011.10.016
http://dx.doi.org/10.1016/j.envpol.2011.10.016
http://dx.doi.org/10.1177/1420326X07078854
http://dx.doi.org/10.1007/s10661-012-3053-7
http://dx.doi.org/10.1016/j.bios.2004.09.032
http://dx.doi.org/10.1016/j.bios.2004.09.032
http://dx.doi.org/10.1016/j.envpol.2006.01.032
http://dx.doi.org/10.1007/s11356-012-1220-6
http://dx.doi.org/10.1016/j.marenvres.2014.04.007
http://dx.doi.org/10.1016/j.marenvres.2014.04.007
http://dx.doi.org/10.1016/j.scitotenv.2011.03.019
http://dx.doi.org/10.1897/05-430R.1
http://dx.doi.org/10.1016/j.aquatox.2010.09.006
http://dx.doi.org/10.1016/j.aquatox.2010.09.006
http://dx.doi.org/10.1016/j.aquatox.2008.02.016
http://dx.doi.org/10.1016/j.aquatox.2008.02.016
http://dx.doi.org/10.1016/j.scitotenv.2013.03.014
http://dx.doi.org/10.1016/0734-9750(94)00020-D
http://dx.doi.org/10.1016/j.envpol.2010.08.004
http://dx.doi.org/10.1016/j.envpol.2010.08.004
http://dx.doi.org/10.1016/j.resmic.2011.07.002
http://dx.doi.org/10.2175/106143011X12928814444574
http://dx.doi.org/10.2175/106143011X12928814444574

352 A. Gosset et al. /| Water Research 89 (2016) 330—354

Ellis, J.B., 2000. Risk assessment approaches for ecosystem responses to transient
pollution events in urban receiving waters. Chemosphere 41 (1-2), 85-91.
http://dx.doi.org/10.1016/S0045-6535(99)00393-8.

Ellis, ].B., Revitt, D.M., Lundy, L., 2012. An impact assessment methodology for urban
surface runoff quality following best practice treatment. Sci. Total Environ. 416,
172—179. http://dx.doi.org/10.1016/j.scitotenv.2011.12.003.

Eltzov, E., Marks, R.S., 2011. Whole-cell aquatic biosensors. Anal. Bioanal. Chem. 400
(4), 895—913. http://dx.doi.org/10.1007/s00216-010-4084-y.

Eriksson, E., Baun, A., Mikkelsen, P.S., Ledin, A., 2007. Risk assessment of xenobiotics
in stormwater discharged to Harrestrup A, Denmark. Desalination 215 (1-3),
187—197. http://dx.doi.org/10.1016/j.desal.2006.12.008.

Even, S., Poulin, M., Mouchel, J.-M., Seidl, M., Servais, P., 2004. Modelling oxygen
deficits in the Seine River downstream of combined sewer overflows. Ecol.
Model. 173, 177—196.

Farré, M., Barcel6, D., 2003. Toxicity testing of wastewater and sewage sludge by
biosensors, bioassays and chemical analysis. TrAC — Trends Anal. Chem. 22 (5),
299-310. http://dx.doi.org/10.1016/S0165-9936(03)00504-1.

Fedorova, G., Golovko, O., Randak, T., Grabic, R., 2014. Storage effect on the analysis
of pharmaceuticals and personal care products in wastewater. Chemosphere
111, 55—60. http://dx.doi.org/10.1016/j.chemosphere.2014.02.067.

Feist, B.E., Buhle, E.R., Arnold, P., Davis, ].W., Scholz, N.L,, 2011. Landscape ecotoxi-
cology of coho salmon spawner mortality in urban streams. PLoS One 6 (8),
€23424. http://dx.doi.org/10.1371/journal.pone.0023424.

Ferro, Y., 2013. Impact Evaluation of Urban Wet-weather Flows on Algal Compart-
ment of Aquatic Ecosystems: Development of Tools for Receiving Environment
Monitoring (Evaluation de I'impact des rejets urbains de temps de pluie sur le
compartiment algal des écosystemes aquatiques: Mise au point d'outils pour la
surveillance des milieux récepteurs) (PhD thesis). National Institute of Applied
Sciences of Lyon, p. 253.

Ferro, Y., Perullini, M., Jobbagy, M., Bilmes, S., Durrieu, C., 2012. Development of a
biosensor for environmental monitoring based on microalgae immobilized in
silica hydrogels. Sensors 12 (12), 16879—16891. http://dx.doi.org/10.3390/
$121216879.

Fisher, D.J., Turley, S.D., Turley, B.S., Yonkos, L.T., Ziegler, G.P., Knott, M.H., 1995. The
acute whole effluent toxicity of storm water from an international airport.
Environ. Toxicol. Chem. 14 (6), 1103—1111. http://dx.doi.org/10.1002/
etc.5620140622.

Foster, S.S.D., 2001. The interdependence of groundwater and urbanisation in
rapidly developing cities. Urban Water — Ground Water Environ. 3 (3), 185—192.
http://dx.doi.org/10.1016/S1462-0758(01)00043-7.

Foulquier, A., Malard, F, Mermillod-Blondin, F, Datry, T., Simon, L., Montuelle, B.,
Gibert, J., 2009. Vertical change in dissolved organic carbon and oxygen at the
water table region of an aquifer recharged with stormwater: biological uptake
or mixing? Biogeochemistry 99 (1—-3), 31—47. http://dx.doi.org/10.1007/s10533-
009-9388-7.

Foulquier, A., Malard, F.,, Mermillod-Blondin, F., Montuelle, B., Dolédec, S., Volat, B.,
Gibert, ], 2011. Surface water linkages regulate trophic interactions in a
groundwater food web. Ecosystems 14 (8), 1339—1353. http://dx.doi.org/
10.1007/s10021-011-9484-0.

Frankart, C., Eullaffroy, P,, Vernet, G., 2003. Comparative effects of four herbicides on
non-photochemical fluorescence quenching in Lemna minor. Environ. Exp. Bot.
49 (2), 159—168. http://dx.doi.org/10.1016/S0098-8472(02)00067-9.

Gasperi, J., Garnaud, S., Rocher, V., Moilleron, R., 2008. Priority pollutants in
wastewater and combined sewer overflow. Sci. Total Environ. 407 (1), 263—272.
http://dx.doi.org/10.1016/j.scitotenv.2008.08.015.

Gast, H.F, Suykerbuyk, R.E.M., Roijackers, R.M.M., 1990. Urban storm water dis-
charges: effects upon plankton communities. Water Sci. Technol. 22, 155—-162.

Gavlasova, P., Kuncova, G., Kochankova, L., Mackova, M., 2008. Whole cell biosensor
for polychlorinated biphenyl analysis based on optical detection. Int. Bio-
deterior.  Biodegrad. 62  (3), 304-312.  http://dx.doi.org/10.1016/
j.ibiod.2008.01.015.

Gersberg, R.M., Daft, D., Yorkey, D., 2004. Temporal pattern of toxicity in runoff from
the Tijuana River Watershed. Water Res. 38 (3), 559—568. http://dx.doi.org/
10.1016/j.watres.2003.11.002.

Gillis, P.L., 2012. Cumulative impacts of urban runoff and municipal wastewater
effluents on wild freshwater mussels (Lasmigona costata). Sci. Total Environ.
431, 348—356. http://dx.doi.org/10.1016/j.scitotenv.2012.05.061.

Gobel, P, Dierkes, C., Coldewey, W.G., 2007. Storm water runoff concentration
matrix for urban areas. . Contam. Hydrol. 91 (1-2), 26—42. http://dx.doi.org/
10.1016/j.jconhyd.2006.08.008.

Gooré Bi, E., Monette, F.,, Gasperi, J., Perrodin, Y., 2015. Assessment of the ecotoxi-
cological risk of combined sewer overflows for an aquatic system using a
coupled “substance and bioassay” approach. Environ. Sci. Pollut. Res. 22 (6),
4460—4474. http://dx.doi.org/10.1007/s11356-014-3650-9.

Grapentine, L., Rochfort, Q., Marsalek, ]., 2004. Benthic responses to wet-weather
discharges in urban streams in Southern Ontario. Water Qual. Res. ]J. Can. 39
(4), 374—391.

Gray, L., 2004. Changes in water quality and macroinvertebrate communities
resulting from urban stormflows in the Provo River, Utah, USA. Hydrobiologia
518 (1—3), 33—46. http://dx.doi.org/10.1023/B:HYDR.0000025055.15164.40.

Greenstein, D., Tiefenthaler, L., Bay, S., 2004. Toxicity of parking lot runoff after
application of simulated rainfall. Arch. Environ. Contam. Toxicol. 47 (2),
199—-206. http://dx.doi.org/10.1007/s00244-004-3018-0.

Gresens, S.E., Belt, KT, Tang, J.A., Gwinn, D.C,, Banks, P.A., 2007. Temporal and
spatial responses of Chironomidae (Diptera) and other benthic invertebrates to

urban stormwater runoff. Hydrobiologia 575 (1), 173—190. http://dx.doi.org/
10.1007/s10750-006-0366-y.

Gu, M.B., Mitchell, R.J., Kim, B.C., 2004. Whole-cell-based biosensors for environ-
mental biomonitoring and application. In: Zhong, ].-J. (Ed.), Biomanufacturing.
Springer, Berlin, Heidelberg, pp. 269—305.

Guedri, H., Durrieu, C., 2008. A self-assembled monolayers based conductometric
algal whole cell biosensor for water monitoring. Microchim. Acta 163 (3—4),
179—184. http://dx.doi.org/10.1007/s00604-008-0017-2.

Gunawardena, ]., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 2013. Atmospheric
deposition as a source of heavy metals in urban stormwater. Atmos. Environ. 68,
235—-242. http://dx.doi.org/10.1016/j.atmosenv.2012.11.062.

Hall, LW., Scott, M.C,, Killen, W.D., 1998. Ecological risk assessment of copper and
cadmium in surface waters of Chesapeake Bay watershed. Environ. Toxicol.
Chem. 17 (6), 1172—1189. http://dx.doi.org/10.1002/etc.5620170626.

Hansen, L.H., Sorensen, S.J., 2001. The use of whole-cell biosensors to detect and
quantify compounds or conditions affecting biological systems. Microb. Ecol. 42
(4), 483—494. http://dx.doi.org/10.1007/s00248-001-0025-9.

Hatch, A.C,, Burton, G.A., 1999. Sediment toxicity and stormwater runoff in a
contaminated receiving system: consideration of different bioassays in the
laboratory and field. Chemosphere 39 (6), 1001—-1017. http://dx.doi.org/10.1016/
S0045-6535(99)00023-5.

Hollis, R.P,, Killham, K., Glover, L.A., 2000. Design and application of a biosensor for
monitoring toxicity of compounds to eukaryotes. Appl. Environ. Microbiol. 66
(4), 1676—1679.

House, M.A.,, Ellis, ].B., Herricks, E.E., Hvitved-Jacobsen, T., Seager, J., Lijklema, L.,
Aalderink, H., Clifforde, L.T., 1993. Urban drainage-impacts on receiving water
quality. Water Sci. Technol. 27 (12), 117—158.

Hwang, H., Foster, G., 2006. Characterization of polycyclic aromatic hydrocarbons in
urban stormwater runoff flowing into the tidal Anacostia River, Washington,
DC, USA. Environ. Pollut. 140 (3), 416—426. http://dx.doi.org/10.1016/
j.envpol.2005.08.003.

Jeng, HA.C,, Englande, AJ., Bakeer, R.M., Bradford, H.B., 2005. Impact of urban
stormwater runoff on estuarine environmental quality. Estuar. Coast. Shelf Sci.
63 (4), 513—526. http://dx.doi.org/10.1016/j.ecss.2004.11.024.

Jirik, A.W., Bay, S.M., Greenstein, D.]., Zellers, A., Lau, S.-L., 1998. Application of TIEs
in studies of urban stormwater impacts on marine organisms. In: Environ-
mental Toxicology and Risk Assessment: Seventh Volume, ASTM STP 1333,
pp. 284—-298.

Johnson, K.A., Steinman, A.D., Keiper, W.D., Ruetz, C.R., 2011. Biotic responses to
low-concentration urban road runoff. J. N. Am. Benthol. Soc. 30 (3), 710—727.
http://dx.doi.org/10.1899/10-157.1.

Kaczala, F, Salomon, P.S., Marques, M., Granéli, E., Hogland, W., 2011. Effects from
log-yard stormwater runoff on the microalgae Scenedesmus subspicatus: intra-
storm magnitude and variability. J. Hazard. Mater. 185 (2—3), 732—739. http://
dx.doi.org/10.1016/j.jhazmat.2010.09.080.

Kafi, M., Gasperi, J., Moilleron, R., Gromaire, M.C., Chebbo, G., 2008. Spatial vari-
ability of the characteristics of combined wet weather pollutant loads in Paris.
Water Res. 42 (3), 539—549. http://dx.doi.org/10.1016/j.watres.2007.08.008.

Kalmykova, Y., Bjorklund, K., Stromvall, A.-M., Blom, L., 2013. Partitioning of poly-
cyclic aromatic hydrocarbons, alkylphenols, bisphenol A and phthalates in
landfill leachates and stormwater. Water Res. 47 (3), 1317—-1328. http://
dx.doi.org/10.1016/j.watres.2012.11.054.

Karlaviciene, V., Svediené, S., Marciulioniené, D.E., Randerson, P., Rimeika, M.,
Hogland, W., 2009. The impact of storm water runoff on a small urban stream.
J. Soils Sediments 9 (1), 6—12. http://dx.doi.org/10.1007/s11368-008-0038-9.

Karlsson, K., Viklander, M., Scholes, L., Revitt, M., 2010. Heavy metal concentrations
and toxicity in water and sediment from stormwater ponds and sedimentation
tanks. J. Hazard. Mater. 178 (1-3), 612—618. http://dx.doi.org/10.1016/
j.jhazmat.2010.01.129.

Karouna-Renier, N.K., Sparling, D.W., 1997. Toxicity of stormwater treatment pond
sediments to Hyalella azteca (Amphipoda). Bull. Environ. Contam. Toxicol. 58
(4), 550—557. http://dx.doi.org/10.1007/s001289900370.

Katznelson, R., Jewell, W.T., Anderson, S.L., 1995. Spatial and temporal variations in
toxicity in an urban-runoff treatment marsh. Environ. Toxicol. Chem. 14 (3),
471-482. http://dx.doi.org/10.1002/etc.5620140317.

Kayhanian, M., Stransky, C., Bay, S., Lau, S.-L., Stenstrom, M.K., 2008. Toxicity of
urban highway runoff with respect to storm duration. Sci. Total Environ. 389
(2—3), 386—406. http://dx.doi.org/10.1016/j.scitotenv.2007.08.052.

Kominkova, D., Stransky, D., St'astnd, G., Caletkova, ]., Nabelkova, J., Handova, Z.,
2005. Source of toxicity in storm water: zinc from identification of ecological
status of stream impacted by urban drainage. Water Sci. Technol. 51, 249—-256.

Kszos, L.A., Morris, G.W., Konetsky, B.K., 2004. Source of toxicity in storm water:
zinc from commonly used paint. Environ. Toxicol. Chem. 23 (1), 12—16. http://
dx.doi.org/10.1897/02-391.

Kumar, J., Jha, S.K,, D'Souza, S.F., 2006. Optical microbial biosensor for detection of
methyl parathion pesticide using Flavobacterium sp. whole cells adsorbed on
glass fiber filters as disposable biocomponent. Biosens. Bioelectron. 21 (11),
2100—-2105. http://dx.doi.org/10.1016/j.bios.2005.10.012.

La Point, TW., Waller, W.T., 2000. Field assessments in conjunction with whole
effluent toxicity testing. Environ. Toxicol. Chem. 19 (1), 14—24. http://dx.doi.org/
10.1002/etc.5620190103.

Lagarde, F, Jaffrezic-Renault, N., 2011. Cell-based electrochemical biosensors for
water quality assessment. Anal. Bioanal. Chem. 400 (4), 947—964. http://
dx.doi.org/10.1007/s00216-011-4816-7.

Lee, J.H., Bang, KW., 2000. Characterization of urban stormwater runoff. Water Res.


http://dx.doi.org/10.1016/S0045-6535(99)00393-8
http://dx.doi.org/10.1016/j.scitotenv.2011.12.003
http://dx.doi.org/10.1007/s00216-010-4084-y
http://dx.doi.org/10.1016/j.desal.2006.12.008
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref59
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref59
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref59
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref59
http://dx.doi.org/10.1016/S0165-9936(03)00504-1
http://dx.doi.org/10.1016/j.chemosphere.2014.02.067
http://dx.doi.org/10.1371/journal.pone.0023424
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref63
http://dx.doi.org/10.3390/s121216879
http://dx.doi.org/10.3390/s121216879
http://dx.doi.org/10.1002/etc.5620140622
http://dx.doi.org/10.1002/etc.5620140622
http://dx.doi.org/10.1016/S1462-0758(01)00043-7
http://dx.doi.org/10.1007/s10533-009-9388-7
http://dx.doi.org/10.1007/s10533-009-9388-7
http://dx.doi.org/10.1007/s10021-011-9484-0
http://dx.doi.org/10.1007/s10021-011-9484-0
http://dx.doi.org/10.1016/S0098-8472(02)00067-9
http://dx.doi.org/10.1016/j.scitotenv.2008.08.015
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref71
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref71
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref71
http://dx.doi.org/10.1016/j.ibiod.2008.01.015
http://dx.doi.org/10.1016/j.ibiod.2008.01.015
http://dx.doi.org/10.1016/j.watres.2003.11.002
http://dx.doi.org/10.1016/j.watres.2003.11.002
http://dx.doi.org/10.1016/j.scitotenv.2012.05.061
http://dx.doi.org/10.1016/j.jconhyd.2006.08.008
http://dx.doi.org/10.1016/j.jconhyd.2006.08.008
http://dx.doi.org/10.1007/s11356-014-3650-9
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref78
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref78
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref78
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref78
http://dx.doi.org/10.1023/B:HYDR.0000025055.15164.40
http://dx.doi.org/10.1007/s00244-004-3018-0
http://dx.doi.org/10.1007/s10750-006-0366-y
http://dx.doi.org/10.1007/s10750-006-0366-y
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref82
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref82
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref82
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref82
http://dx.doi.org/10.1007/s00604-008-0017-2
http://dx.doi.org/10.1016/j.atmosenv.2012.11.062
http://dx.doi.org/10.1002/etc.5620170626
http://dx.doi.org/10.1007/s00248-001-0025-9
http://dx.doi.org/10.1016/S0045-6535(99)00023-5
http://dx.doi.org/10.1016/S0045-6535(99)00023-5
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref88
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref88
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref88
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref88
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref89
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref89
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref89
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref89
http://dx.doi.org/10.1016/j.envpol.2005.08.003
http://dx.doi.org/10.1016/j.envpol.2005.08.003
http://dx.doi.org/10.1016/j.ecss.2004.11.024
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref93
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref93
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref93
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref93
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref93
http://dx.doi.org/10.1899/10-157.1
http://dx.doi.org/10.1016/j.jhazmat.2010.09.080
http://dx.doi.org/10.1016/j.jhazmat.2010.09.080
http://dx.doi.org/10.1016/j.watres.2007.08.008
http://dx.doi.org/10.1016/j.watres.2012.11.054
http://dx.doi.org/10.1016/j.watres.2012.11.054
http://dx.doi.org/10.1007/s11368-008-0038-9
http://dx.doi.org/10.1016/j.jhazmat.2010.01.129
http://dx.doi.org/10.1016/j.jhazmat.2010.01.129
http://dx.doi.org/10.1007/s001289900370
http://dx.doi.org/10.1002/etc.5620140317
http://dx.doi.org/10.1016/j.scitotenv.2007.08.052
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref103
http://dx.doi.org/10.1897/02-391
http://dx.doi.org/10.1897/02-391
http://dx.doi.org/10.1016/j.bios.2005.10.012
http://dx.doi.org/10.1002/etc.5620190103
http://dx.doi.org/10.1002/etc.5620190103
http://dx.doi.org/10.1007/s00216-011-4816-7
http://dx.doi.org/10.1007/s00216-011-4816-7

A. Gosset et al. /| Water Research 89 (2016) 330—354 353

34 (6), 1773—1780. http://dx.doi.org/10.1016/S0043-1354(99)00325-5.

Lee, J.H., Bang, KW., Ketchum Jr., L.H., Choe, ].S., Yu, M.J., 2002a. First flush analysis
of urban storm runoff. Sci. Total Environ. 293 (1-3), 163—175. http://dx.doi.org/
10.1016/S0048-9697(02)00006-2.

Lee, ].-H., Landrum, P.F,, Koh, C., 2002b. Prediction of time-dependent PAH toxicity
in Hyalella azteca using a damage assessment model. Environ. Sci. Technol. 36
(14), 3131-3138. http://dx.doi.org/10.1021/es011202d.

Lee, S.M., Min, K.D., Woo, N.C,, Kim, Y.J., Ahn, C.H., 2003. Statistical models for the
assessment of nitrate contamination in urban groundwater using GIS. Environ.
Geol. 44 (2), 210—221.

Li, H., Zuo, XJ., 2013. Speciation and size distribution of copper and zinc in urban
road runoff. Bull. Environ. Contam. Toxicol. 90 (4), 471—476.

Lieb, D.A., Carline, R.F,, 2000. Effects of urban runoff from a detention pond on water
quality, temperature and caged Gammarus minus (Say) (Amphipoda) in a
headwater stream. Hydrobiologia 441 (1), 107—116. http://dx.doi.org/10.1023/A:
1017550321076.

Lloyd, R., 1961. Effect of dissolved oxygen concentrations on the toxicity of several
poisons to rainbow trout (Salmo gairdnerii Richardson). J. Exp. Biol. 38 (2),
447-455.

Lundy, L., Ellis, J.B., Revitt, D.M., 2012. Risk prioritisation of stormwater pollutant
sources. Water Res. 46 (20), 6589—6600. http://dx.doi.org/10.1016/
j-watres.2011.10.039.

Magaud, H., Migeon, B., Morfin, P, Garric, J., Vindimian, E., 1997. Modelling fish
mortality due to urban storm run-off: interacting effects of hypoxia and un-
ionized ammonia. Water Res. 31 (2), 211-218. http://dx.doi.org/10.1016/
S0043-1354(96)00255-2.

Mallin, M.A,, Johnson, V.L,, Ensign, S.H., 2009. Comparative impacts of stormwater
runoff on water quality of an urban, a suburban, and a rural stream. Environ.
Monit. Assess. 159 (1—4), 475—491. http://dx.doi.org/10.1007/s10661-008-
0644-4.

Maltby, L., Boxall, A., Forrow, D.M,, Calow, P., Betton, C.I, 1995a. The effects of
motorway runoff on freshwater ecosystems: 2. Identifying major toxicants.
Environ. Toxicol. Chem. 14 (6), 1093—1101. http://dx.doi.org/10.1002/
etc.5620140621.

Maltby, L., Forrow, D.M., Boxall, A., Calow, P., Betton, C.I., 1995b. The effects of
motorway runoff on freshwater ecosystems: 1. Field study. Environ. Toxicol.
Chem. 14 (6), 1079—1092. http://dx.doi.org/10.1002/etc.5620140620.

Mankiewicz-Boczek, J., Natecz-Jawecki, G., Drobniewska, A., Kaza, M., Sumorok, B.,
Izydorczyk, K., Zalewski, M., Sawicki, J., 2008. Application of a microbiotests
battery for complete toxicity assessment of rivers. Ecotoxicol. Environ. Saf. 71
(3), 830—836. http://dx.doi.org/10.1016/j.ecoenv.2008.02.023.

Marsalek, J., Rochfort, Q., Brownlee, B., Mayer, T., Servos, M., 1999a. An exploratory
study of urban runoff toxicity. Water Sci. Technol. 39 (12), 33—39. http://
dx.doi.org/10.1016/S0273-1223(99)00315-7.

Marsalek, J., Rochfort, Q., Mayer, T, Servos, M., Dutka, B., Brownlee, B., 1999b.
Toxicity testing for controlling urban wet-weather pollution: advantages and
limitations. Urban Water 1 (1), 91-103. http://dx.doi.org/10.1016/S1462-
0758(99)00006-0.

Masterson, J.P., Bannerman, R., 1994. Impacts of storm water runoff on urban
streams in Milwaukee Co., Wisconsin. In: Pederson, G.L. (Ed.), Proceedings of
the American Water Resources Association, National Symposium on Water
Quality, Chicago, IL. American Water Resources Association, Herndon, VA,
pp. 123-133.

Mauriz, E. Calle, A, Manclds, J.J, Montoya, A., Hildebrandt, A. Barcelé, D.,
Lechuga, L.M., 2007. Optical immunosensor for fast and sensitive detection of
DDT and related compounds in river water samples. Biosens. Bioelectron. 22 (7),
1410—1418. http://dx.doi.org/10.1016/j.bios.2006.06.016.

Mayer, T., Rochfort, Q., Borgmann, U., Snodgrass, W., 2008. Geochemistry and
toxicity of sediment porewater in a salt-impacted urban stormwater detention
pond. Environ. Pollut. 156 (1), 143-151. http://dx.doi.org/10.1016/
j.envpol.2007.12.018.

McCarthy, D.T., Hathaway, J.M., Hunt, W.E, Deletic, A., 2012. Intra-event variability
of Escherichia coli and total suspended solids in urban stormwater runoff.
Water Res. — Special Issue on Stormwater in Urban Areas 46 (20), 6661—6670.
http://dx.doi.org/10.1016/j.watres.2012.01.006.

McCarthy, S.G., Incardona, J.P., Scholz, N.L., 2008. Coastal storms, toxic runoff, and
the sustainable conservation of fish and fisheries. Am. Fish. Soc. Symp. 64, 7—27.

Mclntyre, J.K., Davis, JW., Incardona, J.P,, Stark, ]J.D., Anulacion, B.E, Scholz, N.L.,
2014. Zebrafish and clean water technology: assessing soil bioretention as a
protective treatment for toxic urban runoff. Sci. Total Environ. 500—501,
173—180. http://dx.doi.org/10.1016/j.scitotenv.2014.08.066.

McLellan, S.L., 2004. Genetic diversity of Escherichia coli isolated from urban rivers
and beach water. Appl. Environ. Microbiol. 70 (8), 4658—4665. http://
dx.doi.org/10.1128/AEM.70.8.4658-4665.2004.

McQueen, A.D., Johnson, B.M., Rodgers Jr., ].H., English, W.R.,, 2010. Campus parking
lot stormwater runoff: physicochemical analyses and toxicity tests using Cer-
iodaphnia dubia and Pimephales promelas. Chemosphere 79 (5), 561—569.
http://dx.doi.org/10.1016/j.chemosphere.2010.02.004.

Medeiros, C., Leblanc, R., Coler, R.A., 1983. An in situ assessment of the acute toxicity
of urban runoff to benthic macroinvertebrates. Environ. Toxicol. Chem. 2 (1),
119-126. http://dx.doi.org/10.1002/etc.5620020113.

Miltner, R.J., White, D., Yoder, C., 2004. The biotic integrity of streams in urban and
suburbanizing landscapes. Landsc. Urban Plan. 69 (1), 87—100. http://
dx.doi.org/10.1016/j.landurbplan.2003.10.032.

Milukaite, A., Sakalys, ], Kvietkus, K. Vosyliene, M.Z., Kazlauskiene, N.,

Karlaviciene, N., 2010. Physico-chemical and ecotoxicological characterizations
of urban storm water runoff. Pol. J. Environ. Stud. 19 (6), 1279—1285.

Morrisey, D.J., Turner, SJ., Mills, G.N., Williamson, R.B., Wise, B.E., 2003. Factors
affecting the distribution of benthic macrofauna in estuaries contaminated by
urban runoff. Mar. Environ. Res. 55 (2), 113—136. http://dx.doi.org/10.1016/
S0141-1136(02)00211-8.

Mulliss, R., Revitt, D.M., Shutes, R.B.E., 1997. The impacts of discharges from two
combined sewer overflows on the water quality of an urban watercourse. Water
Sci. Technol. 36 (8), 195—199. http://dx.doi.org/10.1016/S0273-1223(97)00599-
4

Negreira, N., Lopez de Alda, M., Barcel6, D., 2014. Study of the stability of 26
cytostatic drugs and metabolites in wastewater under different conditions. Sci.
Total Environ. 482483, 389-398. http://dx.doi.org/10.1016/
j.scitotenv.2014.02.131.

Novotny, V., Witte, JW., 1997. Ascertaining aquatic ecological risks of urban
stormwater discharges. Water Res. 31 (10), 2573—2585. http://dx.doi.org/
10.1016/S0043-1354(97)00093-6.

Orias, F, Perrodin, Y., 2013. Characterisation of the ecotoxicity of hospital effluents:
a review. Sci. Total Environ. 454—455, 250—276. http://dx.doi.org/10.1016/
j.scitotenv.2013.02.064.

Oulton, LJ., Taylor, M.P., Hose, G.C., Brown, C., 2014. Sublethal toxicity of untreated
and treated stormwater Zn concentrations on the foraging behaviour of Paratya
australiensis (Decapoda: Atyidae). Ecotoxicology 23 (6), 1022—1029. http://
dx.doi.org/10.1007/s10646-014-1246-2.

Pailler, ].-Y., Krein, A., Pfister, L, Hoffmann, L., Guignard, C., 2009. Solid phase
extraction coupled to liquid chromatography-tandem mass spectrometry
analysis of sulfonamides, tetracyclines, analgesics and hormones in surface
water and wastewater in Luxembourg. Sci. Total Environ. 407 (16), 4736—4743.
http://dx.doi.org/10.1016/j.scitotenv.2009.04.042.

Pancrazio, J.J., Whelan, J.P., Borkholder, D.A., Ma, W., Stenger, D.A., 1999. Develop-
ment and application of cell-based biosensors. Ann. Biomed. Eng. 27 (6),
697-711.

Parent-Raoult, C., 2004. Study in Artificial Laboratory Systems of Urban Wet
Weather Flows Effects on Periphytic Communities: Influence of Exposure Fac-
tors (Etude en systemes artificiels de laboratoire des effets de Rejets Urbains de
Temps de Pluie sur les communautés périphytiques: influence de facteurs
d'exposition) (PhD thesis). University Claude Bernard Lyon 1, p. 299.

Parent-Raoult, C., Boisson, J.-C., 2007. Impacts of urban wet weather flows (UWWF)
on aquatic environments: state of knowledge (Impacts des rejets urbains de
temps de pluie (RUTP) sur les milieux aquatiques: Etat des connaissances).
J. Water Sci. 20 (2), 229—-239. http://dx.doi.org/10.7202/015881ar.

Parent-Raoult, C., Volatier, L., Boisson, J.-C., 2005. Response of periphytic commu-
nities to a simulated combined sewer overflows into artificial channels: influ-
ence of exposure time (Réponse des communautés périphytiques a un rejet de
déversoir d'orage simulé en canaux artificiels: influence de la durée d'exposi-
tion). La Houille Blanche 6 (11), 84-90. http://dx.doi.org/10.1051/lhb:
200506007.

Parker, J.K., McIntyre, D., Noble, R.T., 2010. Characterizing fecal contamination in
stormwater runoff in coastal North Carolina, USA. Water Res. 44 (14),
4186—4194. http://dx.doi.org/10.1016/j.watres.2010.05.018.

Parvez, S., Venkataraman, C., Mukherji, S., 2006. A review on advantages of
implementing luminescence inhibition test (Vibrio fischeri) for acute toxicity
prediction of chemicals. Environ. Int. 32 (2), 265—268. http://dx.doi.org/
10.1016/j.envint.2005.08.022.

Paul, MJ., Meyer, J.L., 2001. Streams in the urban landscape. Annu. Rev. Ecol. Syst.
333-365.

Peng, X, Yu, Y., Tang, C, Tan, J., Huang, Q., Wang, Z., 2008. Occurrence of steroid
estrogens, endocrine-disrupting phenols, and acid pharmaceutical residues in
urban riverine water of the Pearl River Delta, South China. Sci. Total Environ.
397 (1-3), 158—166. http://dx.doi.org/10.1016/j.scitotenv.2008.02.059.

Perrodin, Y., Boillot, C., Angerville, R., Donguy, G., Emmanuel, E., 2011. Ecological risk
assessment of urban and industrial systems: a review. Sci. Total Environ. 409
(24), 5162—5176. http://dx.doi.org/10.1016/j.scitotenv.2011.08.053.

Perryman, S.E., Rees, G.N., Walsh, CJ., Grace, M.R., 2011. Urban stormwater runoff
drives denitrifying community composition through changes in sediment
texture and carbon content. Microb. Ecol. 61 (4), 932—940. http://dx.doi.org/
10.1007/s00248-011-9833-8.

Pitt, R, Field, R., Lalor, M., Brown, M., 1995. Urban stormwater toxic pollutants:
assessment, sources, and treatability. Water Environ. Res. 67 (3), 260—275.
http://dx.doi.org/10.2175/106143095X131466.

Pratt, ].M., Coler, RA., Godfrey, PJ., 1981. Ecological effects of urban stormwater
runoff on benthic macroinvertebrates inhabiting the Green River, Massachu-
setts. Hydrobiologia 83 (1), 29—42. http://dx.doi.org/10.1007/BF02187149.

Reifel, K.M., Corcoran, A.A., Cash, C,, Shipe, R,, Jones, B.H., 2013. Effects of a surfacing
effluent plume on a coastal phytoplankton community. Cont. Shelf Res. 60,
38—50. http://dx.doi.org/10.1016/j.csr.2013.04.012.

Roberts, D.A., Johnston, E.L., Miiller, S., Poore, A.G.B., 2008. Field and laboratory
simulations of storm water pulses: behavioural avoidance by marine epifauna.
Environ. Pollut. 152 (1), 153-162. http://dx.doi.org/10.1016/
j-envpol.2007.05.005.

Roberts, D.A., Poore, A.G.B., Johnston, E.L, 2007. MBACI sampling of an episodic
disturbance: stormwater effects on algal epifauna. Mar. Environ. Res. 64 (4),
514—523. http://dx.doi.org/10.1016/j.marenvres.2007.04.005.

Rochfort, Q., Grapentine, L., Marsalek, J., Brownlee, B., Reynoldson, T., Thompson, S.,
Milani, D., Logan, C., 2000. Using benthic assessment techniques to determine


http://dx.doi.org/10.1016/S0043-1354(99)00325-5
http://dx.doi.org/10.1016/S0048-9697(02)00006-2
http://dx.doi.org/10.1016/S0048-9697(02)00006-2
http://dx.doi.org/10.1021/es011202d
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref111
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref111
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref111
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref111
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref208
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref208
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref208
http://dx.doi.org/10.1023/A:1017550321076
http://dx.doi.org/10.1023/A:1017550321076
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref113
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref113
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref113
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref113
http://dx.doi.org/10.1016/j.watres.2011.10.039
http://dx.doi.org/10.1016/j.watres.2011.10.039
http://dx.doi.org/10.1016/S0043-1354(96)00255-2
http://dx.doi.org/10.1016/S0043-1354(96)00255-2
http://dx.doi.org/10.1007/s10661-008-0644-4
http://dx.doi.org/10.1007/s10661-008-0644-4
http://dx.doi.org/10.1002/etc.5620140621
http://dx.doi.org/10.1002/etc.5620140621
http://dx.doi.org/10.1002/etc.5620140620
http://dx.doi.org/10.1016/j.ecoenv.2008.02.023
http://dx.doi.org/10.1016/S0273-1223(99)00315-7
http://dx.doi.org/10.1016/S0273-1223(99)00315-7
http://dx.doi.org/10.1016/S1462-0758(99)00006-0
http://dx.doi.org/10.1016/S1462-0758(99)00006-0
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref122
http://dx.doi.org/10.1016/j.bios.2006.06.016
http://dx.doi.org/10.1016/j.envpol.2007.12.018
http://dx.doi.org/10.1016/j.envpol.2007.12.018
http://dx.doi.org/10.1016/j.watres.2012.01.006
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref126
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref126
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref126
http://dx.doi.org/10.1016/j.scitotenv.2014.08.066
http://dx.doi.org/10.1128/AEM.70.8.4658-4665.2004
http://dx.doi.org/10.1128/AEM.70.8.4658-4665.2004
http://dx.doi.org/10.1016/j.chemosphere.2010.02.004
http://dx.doi.org/10.1002/etc.5620020113
http://dx.doi.org/10.1016/j.landurbplan.2003.10.032
http://dx.doi.org/10.1016/j.landurbplan.2003.10.032
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref132
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref132
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref132
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref132
http://dx.doi.org/10.1016/S0141-1136(02)00211-8
http://dx.doi.org/10.1016/S0141-1136(02)00211-8
http://dx.doi.org/10.1016/S0273-1223(97)00599-4
http://dx.doi.org/10.1016/S0273-1223(97)00599-4
http://dx.doi.org/10.1016/j.scitotenv.2014.02.131
http://dx.doi.org/10.1016/j.scitotenv.2014.02.131
http://dx.doi.org/10.1016/S0043-1354(97)00093-6
http://dx.doi.org/10.1016/S0043-1354(97)00093-6
http://dx.doi.org/10.1016/j.scitotenv.2013.02.064
http://dx.doi.org/10.1016/j.scitotenv.2013.02.064
http://dx.doi.org/10.1007/s10646-014-1246-2
http://dx.doi.org/10.1007/s10646-014-1246-2
http://dx.doi.org/10.1016/j.scitotenv.2009.04.042
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref141
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref141
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref141
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref141
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref142
http://dx.doi.org/10.7202/015881ar
http://dx.doi.org/10.1051/lhb:200506007
http://dx.doi.org/10.1051/lhb:200506007
http://dx.doi.org/10.1016/j.watres.2010.05.018
http://dx.doi.org/10.1016/j.envint.2005.08.022
http://dx.doi.org/10.1016/j.envint.2005.08.022
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref147
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref147
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref147
http://dx.doi.org/10.1016/j.scitotenv.2008.02.059
http://dx.doi.org/10.1016/j.scitotenv.2011.08.053
http://dx.doi.org/10.1007/s00248-011-9833-8
http://dx.doi.org/10.1007/s00248-011-9833-8
http://dx.doi.org/10.2175/106143095X131466
http://dx.doi.org/10.1007/BF02187149
http://dx.doi.org/10.1016/j.csr.2013.04.012
http://dx.doi.org/10.1016/j.envpol.2007.05.005
http://dx.doi.org/10.1016/j.envpol.2007.05.005
http://dx.doi.org/10.1016/j.marenvres.2007.04.005
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref157
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref157

354 A. Gosset et al. /| Water Research 89 (2016) 330—354

combined sewer overflow and stormwater impacts in the aquatic ecosystem.
Water Qual. Res. J. Can. 35 (3), 365—397.

Rodriguez-Mozaz, S., de Alda, MJ.L., Marco, M.-P,, Barceld, D., 2005. Biosensors for
environmental monitoring: a global perspective. Talanta 65 (2), 291-297.
http://dx.doi.org/10.1016/j.talanta.2004.07.006.

Rogers, K.R., 1995. Biosensors for environmental applications. Biosens. Bioelectron.
10 (6—7), 533—541. http://dx.doi.org/10.1016/0956-5663(95)96929-S.

Rogers, KR, 2006. Recent advances in biosensor techniques for environmental
monitoring. Anal. Chim. Acta 568 (1—2), 222—231. http://dx.doi.org/10.1016/
j.aca.2005.12.067.

Rojickova, R., Marsalek, B., 1999. Selection and sensitivity comparisons of algal
species for toxicity testing. Chemosphere 38 (14), 3329—3338. http://dx.doi.org/
10.1016/S0045-6535(98)00566-9.

Rollin, C., Grange, D., Chouteau, C., 2010. Assessing the impact of discharges from
combined sewer overflows through analysis of the colonization of artificial
substrates by benthic macrofauna and diatoms. In: Novatech 2010, 8th Inter-
national Conference on Sustainable Techniques and Strategies in Urban Water
Management Lyon, France.

Roper, D.S., Thrush, S.E, Smith, D.G., 1988. The influence of runoff on intertidal
mudflat benthic communities. Mar. Environ. Res. 26 (1), 1-18. http://dx.doi.org/
10.1016/0141-1136(88)90031-1.

Rosenkrantz, R.T., Pollino, C.A., Nugegoda, D., Baun, A., 2008. Toxicity of water and
sediment from stormwater retarding basins to Hydra hexactinella. Environ.
Pollut. 156 (3), 922—927. http://dx.doi.org/10.1016/j.envpol.2008.05.013.

Ruban, G., 1995. Continuous measurement of pollution due to urban effluents under
wet conditions using optical systems. Water Sci. Technol. 32 (1), 241-247.
http://dx.doi.org/10.1016/0273-1223(95)00561-Z.

Ruiz, F, Abad, M., Bodergat, A.M., Carbonel, P., Rodriguez-Lazaro, J., Gonzdlez-
Regalado, M.L,, Toscano, A., Garcia, E.X., Prenda, J., 2013. Freshwater ostracods as
environmental tracers. Int. J. Environ. Sci. Technol. 10 (5), 1115—1128. http://
dx.doi.org/10.1007/s13762-013-0249-5.

Sandahl, J.F,, Baldwin, D.H., Jenkins, J.J., Scholz, N.L,, 2007. A sensory system at the
interface between urban stormwater runoff and salmon survival. Environ. Sci.
Technol. 41 (8), 2998—3004. http://dx.doi.org/10.1021/es062287r.

Schiff, K., Bay, S., 2003. Impacts of stormwater discharges on the nearshore benthic
environment of Santa Monica Bay. Mar. Environ. Res. 56 (1—2), 225—243. http://
dx.doi.org/10.1016/S0141-1136(02)00332-X.

Schiff, K., Bay, S., Stransky, C., 2002. Characterization of stormwater toxicants from
an urban watershed to freshwater and marine organisms. Urban Water 4 (3),
215—227. http://dx.doi.org/10.1016/S1462-0758(02)00007-9.

Scholes, L., Baun, A., Seidl, M., Eriksson, E., Revitt, M., Mouchel, J.-M., 2007.
Assessment of storm water ecotoxicity using a battery of biotests. In:
Morrison, P.G.M., Rauch, A.P.S. (Eds.), Highway and Urban Environment, Alliance
for Global Sustainability Bookseries. Springer, Netherlands, pp. 399—410.

Seidl, M., Huang, V., Mouchel, J.M., 1998. Toxicity of combined sewer overflows on
river phytoplankton: the role of heavy metals. Environ. Pollut. 101 (1), 107—-116.
http://dx.doi.org/10.1016/S0269-7491(98)00008-6.

Skinner, L., De Peyster, A., Schiff, K., 1999. Developmental effects of urban storm
water in Medaka (Oryzias latipes) and inland silverside (Menidia beryllina).
Arch. Environ. Contam. Toxicol. 37 (2), 227—235. http://dx.doi.org/10.1007/
5002449900509.

Snodgrass, ].W., Casey, R.E., Joseph, D., Simon, J.A., 2008. Microcosm investigations
of stormwater pond sediment toxicity to embryonic and larval amphibians:
variation in sensitivity among species. Environ. Pollut. 154 (2), 291-297. http://
dx.doi.org/10.1016/j.envpol.2007.10.003.

Sonneman, J.A., Walsh, CJ., Breen, P.F,, Sharpe, A.K., 2001. Effects of urbanization on
streams of the Melbourne region, Victoria, Australia. II. Benthic diatom com-
munities. Freshw. Biol. 46 (4), 553—565. http://dx.doi.org/10.1046/j.1365-
2427.2001.00689.x.

Stearman, LW., Lynch, D.T., 2013. Patterns of assemblage change in prairie stream
fishes in relation to urban stormwater impoundments. Hydrobiologia 718 (1),
221-235. http://dx.doi.org/10.1007/s10750-013-1629-z.

Stepenuck, K.F, Crunkilton, R.L., Wang, L., 2002. Impacts of urban land use on
macroinvertebrate communities in southeastern Wisconsin streams. ]J. Am.
Water Resour. Assoc. 38 (4), 1041-1051. http://dx.doi.org/10.1111/j.1752-
1688.2002.tb05544.x.

Tang, J.Y.M., Aryal, R, Deletic, A., Gernjak, W., Glenn, E., McCarthy, D., Escher, B.L,
2013. Toxicity characterization of urban stormwater with bioanalytical tools.
Water Res. 47 (15), 5594—5606. http://dx.doi.org/10.1016/j.watres.2013.06.037.

Terzakis, S., Fountoulakis, M.S., Georgaki, I, Albantakis, D., Sabathianakis, I,
Karathanasis, A.D., Kalogerakis, N., Manios, T., 2008. Constructed wetlands
treating highway runoff in the central Mediterranean region. Chemosphere 72
(2), 141—-149. http://dx.doi.org/10.1016/j.chemosphere.2008.02.044.

Thévenot, D.R., Toth, K., Durst, RA., Wilson, G.S., 2001. Electrochemical biosensors:
recommended definitions and classification. Biosens. Bioelectron. 16 (1),
121-131.

Tixier, G., Lafont, M., Grapentine, L., Rochfort, Q., Marsalek, J., 2011. Ecological risk
assessment of urban stormwater ponds: literature review and proposal of a new
conceptual approach providing ecological quality goals and the associated
bioassessment tools. Ecol. Indic. 11 (6), 1497—1506. http://dx.doi.org/10.1016/
j.ecolind.2011.03.027.

Tixier, G., Rochfort, Q., Grapentine, L., Marsalek, ]., Lafont, M., 2012. Spatial and
seasonal toxicity in a stormwater management facility: evidence obtained by
adapting an integrated sediment quality assessment approach. Water Res. 46
(20), 6671—6682. http://dx.doi.org/10.1016/j.watres.2011.12.031.

Touloupakis, E., Giannoudi, L., Piletsky, S.A., Guzzella, L., Pozzoni, F,, Giardi, M.T.,
2005. A multi-biosensor based on immobilized Photosystem II on screen-
printed electrodes for the detection of herbicides in river water. Biosens. Bio-
electron. 20 (10), 1984—1992. http://dx.doi.org/10.1016/j.bios.2004.08.035.

Tsopela, A, Lale, A., Vanhove, E., Reynes, O., Séguy, 1., Temple-Boyer, P., Juneau, P,
Izquierdo, R., Launay, J., 2014. Integrated electrochemical biosensor based on
algal metabolism for water toxicity analysis. Biosens. Bioelectron. 61, 290—297.
http://dx.doi.org/10.1016/j.bios.2014.05.004.

Tsui, M.TK., Chu, LM., 2003. Aquatic toxicity of glyphosate-based formulations:
comparison between different organisms and the effects of environmental
factors. Chemosphere 52 (7), 1189—1197. http://dx.doi.org/10.1016/S0045-
6535(03)00306-0.

van Buren, M.A,, Watt, W.E., Marsalek, J., 1997. Application of the log-normal and
normal distributions to stormwater quality parameters. Water Res. 31 (1),
95—104. http://dx.doi.org/10.1016/S0043-1354(96)00246-1.

van Gestel, CAM., van Brummelen, T.C., 1996. Incorporation of the biomarker
concept in ecotoxicology calls for a redefinition of terms. Ecotoxicology 5,
217-225.

Védrine, C., Leclerc, J.-C., Durrieu, C., Tran-Minh, C, 2003. Optical whole-cell
biosensor using Chlorella vulgaris designed for monitoring herbicides. Bio-
sens. Bioelectron. 18 (4), 457—463. http://dx.doi.org/10.1016/S0956-5663(02)
00157-4.

Villeneuve, A., Montuelle, B., Bouchez, A., 2011. Effects of flow regime and pesticides
on periphytic communities: evolution and role of biodiversity. Aquat. Toxicol.
102 (3—4), 123—133. http://dx.doi.org/10.1016/j.aquatox.2011.01.004.

Waara, S., Farm, C., 2008. An assessment of the potential toxicity of runoff from an
urban roadscape during rain events. Environ. Sci. Pollut. Res. 15 (3), 205—-210.
http://dx.doi.org/10.1065/espr2007.12.463.

Wakelin, S.A., Colloff, M]., Kookana, R.S., 2008. Effect of wastewater treatment plant
effluent on microbial function and community structure in the sediment of a
freshwater stream with variable seasonal flow. Appl. Environ. Microbiol. 74 (9),
2659—-2668.

Wakida, ET., Lerner, D.N., 2005. Non-agricultural sources of groundwater nitrate: a
review and case study. Water Res. 39 (1), 3—16. http://dx.doi.org/10.1016/
j.-watres.2004.07.026.

Walsh, CJ., Sharpe, AK, Breen, P.F, Sonneman, J.A., 2001. Effects of urbanization on
streams of the Melbourne region, Victoria, Australia. I. Benthic macro-
invertebrate communities. Freshw. Biol. 46 (4), 535—551. http://dx.doi.org/
10.1046/j.1365-2427.2001.00690.x.

Wang, L., Lyons, ]., Kanehl, P, Bannerman, R., 2001. Impacts of urbanization on
stream habitat and fish across multiple spatial scales. Environ. Manag. 28 (2),
255-266.

Weibel, S.R., Anderson, R.J., Wordward, R.L., 1964. Urban land runoff as a factor of in
stream pollution. J. Water Pollut. Control Fed. 36, 914—924.

Weinstein, J.E., Crawford, K.D., Garner, T.R., Flemming, AJ., 2010. Screening-level
ecological and human health risk assessment of polycyclic aromatic hydrocar-
bons in stormwater detention pond sediments of Coastal South Carolina, USA.
J. Hazard. Mater. 178 (1-3), 906—916. http://dx.doi.org/10.1016/
j.jhazmat.2010.02.024.

Wenholz, M., Crunkilton, R., 1995. Use of toxicity identification evaluation pro-
cedures in the assessment of sediment pore water toxicity from an urban
stormwater retention pond in Madison, Wisconsin. Bull. Environ. Contam.
Toxicol. 54 (5), 676—682.

Weston, D.P,, Lydy, M.J., 2012. Stormwater input of pyrethroid insecticides to an
urban river. Environ. Toxicol. Chem. 31 (7), 1579—1586. http://dx.doi.org/
10.1002/etc.1847.

Willardson, B.M., Wilkins, J.F, Rand, T.A. Schupp, ].M., Hill, KK, Keim, P,
Jackson, PJ., 1998. Development and testing of a bacterial biosensor for toluene-
based environmental contaminants. Appl. Environ. Microbiol. 64 (3),
1006—1012.

Willemsen, G.D., Gast, H.F,, Franken, R.0.G., Cuppen, ].G.M., 1990. Urban storm water
discharges: effects upon communities of sessile diatoms and macro-in-
vertebrates. Water Sci. Technol. 22, 147—154.

Wium-Andersen, T., Nielsen, A.H. Hvitved-Jacobsen, T. Vollertsen, ], 2009.
Reduction of stormwater runoff toxicity by wet detention ponds. In: Rauch, S.,
Morrison, G.M., Monzén, A. (Eds.), Highway and Urban Environment, Alliance
for Global Sustainability BookseriesSpringer, Netherlands, pp. 169—176.

Wu, L, Jiang, Y., Zhang, L., Chen, L., Zhang, H., 2014. Toxicity of urban highway runoff
in Shanghai to Zebrafish (Danio rerio) embryos and luminous bacteria (Vibrio
ginghaiensis.Q67). Environ. Sci. Pollut. Res. 21 (4), 2663—2676. http://dx.doi.org/
10.1007/s11356-013-2193-9.

Zandbergen, P.A., 1998. Urban watershed ecological risk assessment using GIS: a
case study of the Brunette River watershed in British Columbia, Canada.
J. Hazard. Mater. 61 (1), 163—173. http://dx.doi.org/10.1016/S0304-3894(98)
00120-4.

Zgheib, S., Moilleron, R., Saad, M., Chebbo, G., 2011. Partition of pollution between
dissolved and particulate phases: what about emerging substances in urban
stormwater catchments? Water Res. 45 (2), 913—925. http://dx.doi.org/10.1016/
j-watres.2010.09.032.

Zhang, W, Ye, Y., Tong, Y., Ou, L., Hu, D., Wang, X, 2011. Modeling time-dependent
toxicity to aquatic organisms from pulsed exposure of PAHs in urban road
runoff. Environ. Pollut. 159 (2), 503—508. http://dx.doi.org/10.1016/
j.envpol.2010.10.008.

Zug, M., Faure, D., De Belly, B., Phan, L., 2001. Use of real time control modelling on
the urban sewage system of Nancy. Water Sci. Technol. 44 (2—3), 261—-268.


http://refhub.elsevier.com/S0043-1354(15)30347-X/sref157
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref157
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref157
http://dx.doi.org/10.1016/j.talanta.2004.07.006
http://dx.doi.org/10.1016/0956-5663(95)96929-S
http://dx.doi.org/10.1016/j.aca.2005.12.067
http://dx.doi.org/10.1016/j.aca.2005.12.067
http://dx.doi.org/10.1016/S0045-6535(98)00566-9
http://dx.doi.org/10.1016/S0045-6535(98)00566-9
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref162
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref162
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref162
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref162
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref162
http://dx.doi.org/10.1016/0141-1136(88)90031-1
http://dx.doi.org/10.1016/0141-1136(88)90031-1
http://dx.doi.org/10.1016/j.envpol.2008.05.013
http://dx.doi.org/10.1016/0273-1223(95)00561-Z
http://dx.doi.org/10.1007/s13762-013-0249-5
http://dx.doi.org/10.1007/s13762-013-0249-5
http://dx.doi.org/10.1021/es062287r
http://dx.doi.org/10.1016/S0141-1136(02)00332-X
http://dx.doi.org/10.1016/S0141-1136(02)00332-X
http://dx.doi.org/10.1016/S1462-0758(02)00007-9
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref170
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref170
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref170
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref170
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref170
http://dx.doi.org/10.1016/S0269-7491(98)00008-6
http://dx.doi.org/10.1007/s002449900509
http://dx.doi.org/10.1007/s002449900509
http://dx.doi.org/10.1016/j.envpol.2007.10.003
http://dx.doi.org/10.1016/j.envpol.2007.10.003
http://dx.doi.org/10.1046/j.1365-2427.2001.00689.x
http://dx.doi.org/10.1046/j.1365-2427.2001.00689.x
http://dx.doi.org/10.1007/s10750-013-1629-z
http://dx.doi.org/10.1111/j.1752-1688.2002.tb05544.x
http://dx.doi.org/10.1111/j.1752-1688.2002.tb05544.x
http://dx.doi.org/10.1016/j.watres.2013.06.037
http://dx.doi.org/10.1016/j.chemosphere.2008.02.044
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref179
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref179
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref179
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref179
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref179
http://dx.doi.org/10.1016/j.ecolind.2011.03.027
http://dx.doi.org/10.1016/j.ecolind.2011.03.027
http://dx.doi.org/10.1016/j.watres.2011.12.031
http://dx.doi.org/10.1016/j.bios.2004.08.035
http://dx.doi.org/10.1016/j.bios.2014.05.004
http://dx.doi.org/10.1016/S0045-6535(03)00306-0
http://dx.doi.org/10.1016/S0045-6535(03)00306-0
http://dx.doi.org/10.1016/S0043-1354(96)00246-1
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref186
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref186
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref186
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref186
http://dx.doi.org/10.1016/S0956-5663(02)00157-4
http://dx.doi.org/10.1016/S0956-5663(02)00157-4
http://dx.doi.org/10.1016/j.aquatox.2011.01.004
http://dx.doi.org/10.1065/espr2007.12.463
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref190
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref190
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref190
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref190
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref190
http://dx.doi.org/10.1016/j.watres.2004.07.026
http://dx.doi.org/10.1016/j.watres.2004.07.026
http://dx.doi.org/10.1046/j.1365-2427.2001.00690.x
http://dx.doi.org/10.1046/j.1365-2427.2001.00690.x
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref194
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref194
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref194
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref194
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref195
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref195
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref195
http://dx.doi.org/10.1016/j.jhazmat.2010.02.024
http://dx.doi.org/10.1016/j.jhazmat.2010.02.024
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref197
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref197
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref197
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref197
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref197
http://dx.doi.org/10.1002/etc.1847
http://dx.doi.org/10.1002/etc.1847
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref199
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref199
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref199
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref199
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref199
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref200
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref200
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref200
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref200
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref201
http://dx.doi.org/10.1007/s11356-013-2193-9
http://dx.doi.org/10.1007/s11356-013-2193-9
http://dx.doi.org/10.1016/S0304-3894(98)00120-4
http://dx.doi.org/10.1016/S0304-3894(98)00120-4
http://dx.doi.org/10.1016/j.watres.2010.09.032
http://dx.doi.org/10.1016/j.watres.2010.09.032
http://dx.doi.org/10.1016/j.envpol.2010.10.008
http://dx.doi.org/10.1016/j.envpol.2010.10.008
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref207
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref207
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref207
http://refhub.elsevier.com/S0043-1354(15)30347-X/sref207

	Methods for evaluating the pollution impact of urban wet weather discharges on biocenosis: A review
	1. Introduction
	2. Evaluation of the pollution impact of urban wet weather discharges on biocenosis
	2.1. Biological indices of ecosystem disturbance
	2.1.1. Indices on decomposers (bacteria and fungi)
	2.1.2. Indices for monitoring primary producers
	2.1.3. Indices for monitoring benthic macro-invertebrates
	2.1.4. Indices for monitoring fishes

	2.2. Ecotoxicological bioassays
	2.2.1. Biomarker tests
	2.2.2. Single species bioassays
	2.2.2.1. Bacteria bioassays
	2.2.2.2. Bioassays on primary producers: algae and plants
	2.2.2.3. Bioassays on invertebrates
	2.2.2.4. Bioassays on vertebrates

	2.2.3. Large scale multi-species bioassays: micro- and mesocosms
	2.2.4. In situ bioassays

	2.3. An a priori method: the assessment of risks linked to urban wet weather discharges
	2.4. Methods for modelling the pollution impact of urban wet weather discharges

	3. The limits of current methods and the alternative techniques implemented
	4. Towards new procedures for studying the pollution impact of urban wet weather discharges: biosensors
	5. Conclusion and outlook
	Acknowledgements
	References


