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A B S T R A C T

A high percentage of urban areas are covered by impermeable surfaces which reduce infiltration and landscape
retention of stormwater. Moreover, the pollution flushed from these areas, particularly after intensive rainfall, is
often drained directly to rivers and reservoirs which, in many cases, also serve a recreational function in cities.
Stormwater runoff contributes to degradation of aquatic ecosystems and their intensified eutrophication which,
in growing seasons, results in toxic cyanobacterial blooms. The hybrid system (combined of engineering and
biological measures) tested in this research was constructed in 2013 in Łódź city (POLNAD) to retain and purify
stormwater runoff from a street that runed directly to a cascade of recreational reservoirs. The hybrid system
consists of an underground separators system that is combined with a sequential sedimentation-biofiltration
system (SSBS). In the first two years of the system’s operation, it effectively reduced pollution transported to the
urban river system by reducing 86.0% of total suspended solids, 71.5% of total nitrogen (TN), 66.7% of total
phosphorous (TP), and from 40.7% to 78.3% of PO4

3− and NO2
−, respectively. In addition, the system was able

to reduce the hydraulic stress induced by extreme discharges and mitigated discharges for precipitation amounts
less than 9 mm. The hybrid system is an example of a nature-based solution measure reducing the negative
effects of nutrients transfer, eutrophication and flooding in urbanized areas, as part of the blue-green infra-
structure.

1. Introduction

Small urban catchments are strongly affected by intensive land use
characterised by high development rates and low permeabilities (Qin
et al., 2010). In consequence, stormwater runoff and related pollutants
loads are usually primary threats and key factors driving ecological
processes in small urban streams and reservoirs (Deletic, 1998; Lee and
Bang, 2000; Acharya et al., 2010; Li et al., 2015). Small and shallow
impoundments with high catchment to surface area ratios, low mean
discharges of the supplying streams, and long water retention times are
highly susceptible to accumulations of contaminants. They are also
predisposed to intensive secondary pollution − internal loadings, due
to microbial loops, because of effective accumulation of sediments and
relatively high water temperatures (Sherr and Sherr, 1988; Burford
et al., 2007; Acharya et al., 2010). The synergy between the primary,
external pollution, and enhanced internal nutrient cycling, makes water
quality problems even more oppressive (Acharya et al., 2010).

Increasing concentrations of nitrogen and phosphorous (reservoir eu-
trophication) result in the appearance of toxic cyanobacterial blooms
and prevent city inhabitants from using the reservoirs for recreational
purposes (Jurczak et al., 2012).

Small urban river pollution, especially that associated with the first
flush effect, is often associated with stormwater outflows (Deletic,
1998; Lee and Bang, 2000; Acharya et al., 2010; Luo et al., 2012; Li
et al., 2015). Therefore, as demonstrated by Janke et al. (2014),
catchment management and land use seriously impact pollution loads
exported to aquatic ecosystems. There are several well known concepts
for urban catchment management measures such as Low Impact De-
velopment (LID), a Best Management Practice in Stormwater (BMP),
and Sustainable Urban Drainage Systems (SUDS), which are related to
the technical management of urban catchments, stormwater and drai-
nage systems. Recently, also ecological theories such as ecohydrology
(Zalewski, 2000; Zalewski, 2011), blue-green infrastructure (Gill et al.,
2007; EC, 2013) and Nature Based Solutions (Scott et al., 2016;
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Nesshöver et al., 2017) have contributed to practical urban stormwater
management. Ecohydrology builds on the possibility of regulating
water dynamics and maintaining its quality through the integration of
hydrotechnical measures with hydrological and ecological knowledge
(Zalewski, 2014). According to this concept, water and pollutants in
urban landscapes may be best retained by a combination of conven-
tional methods, supported by blue-green infrastructure and BMPs such
as pervious surfaces, swales, green-roofs, plant buffer strips or storm-
water infiltration facilities, into one synergistic system (Zalewski and
Wagner, 2005; Wagner and Breil, 2013; Liu et al., 2017).

To the extent that sustainable catchment management, especially
in highly disturbed urban catchments, is difficult to achieve, there are
several measures used to control pollution at stormwater outflows.
Conventional measures would usually include oil and grit separators
or settlement ponds (Wilson et al., 2009; Tran and Kang, 2013). The
efficiencies of pollutant removal for those measures, especially for
total suspended solids (TSS), are very high and can reach 98%, de-
pending on flow rate. Biological treatment methods such as con-
structed wetlands have also proven to be effective in urban catchments
(Read et al., 2008; Hatt et al., 2009; Mitsch et al., 2015). Mitsch et al.
(2015) demonstrated that six different stormwater treatment wetlands
effectively reduced total phosphorus by 60% to 80%. Read et al.
(2008) showed the advantage of filtration systems constructed from
plants above the soil systems to reduce heavy metals and nutrients
from stormwater. Recently, advancing urbanisation and development,
together with new challenges resulting from accelerating changes in
climate, have stimulated the development of new, integrated ap-
proaches based on combined engineering and biological measures
(Hatt et al., 2009; Newman et al., 2013). Hatt et al. (2009) tested a
biofitration basin treating runoff from a multi-storey car park with an
area of 4500 m2 combined with two sedimentation tanks and biofilters
with different filter media. They showed considerable reductions in
TSS (89,1%), TN (18,5%), NH4

+ (96,0%) and heavy metals
(80,0–96,1%). In another field study, an oil separating channel with a
load bearing box with floating mat and granular stone filter was tested
as a macro-pervious pavement system for retaining and reducing oil
and suspended solids (Newman et al., 2013). A bioretention system
used for treating stormwater runoff was well documented and revised
by Davis et al. (2009). The integration of engineering and bioretention
systems seems to be a promising direction for improving urban water
quality.

This study was aimed at assessing the efficiency of a hybrid system
(combined of engineering and biological measures) that consists of an
underground separator system combined with a sequential sedimenta-
tion-biofiltration system (SSBS), constructed as an innovative BMP so-
lution, to purify and temporarily retain stormwater supplying the cas-
cade of recreational urban reservoirs on a small urban stream. In
addition, first and second flush effects were described.

2. Materials and methods

2.1. Sampling site

The city of Łódź is located on the watershed divide of the Vistula
and Oder Rivers in Poland, covering an area of 293 km2. Eighteen small
rivers flow through the city. Currently, 47% of the city’s area is covered
by impervious surfaces, 10% is forested and 0.5% is covered by surface
water (Ratajczyk et al., 2017). The city experiences typical stormwater
challenges, including high stormwater runoff, extreme river flows, and
low surface water quality resulting from primary pollution and en-
hanced eutrophication. The study was conducted on an upstream
stretch of the Bzura River in the north-eastern part of the city of Łódź.
Although the river is to a great extent supplied with stormwater, mainly
stormwater outflows, it is also the major source of water flowing to a
cascade of small man-made reservoirs, which are intensively used for
recreation by the city’s inhabitants.

The study was conducted on the stretch of the river directly up-
stream of the reservoir cascade. A hybrid system was constructed on the
river bank with the intention of increasing the efficiency of the pur-
ification of the stormwater runoff supplying the river and reservoirs,
mitigating high river stormwater discharges, and controlling the first
flush effect, which were all to be achieved at low costs of investments
and maintenance. The hybrid system collected stormwater from an
impermeable, sealed area of approx. 2.8 ha (street and parking slots),
which prior to its construction drained directly to the river. This si-
tuation caused a gradual deterioration of the water quality in the re-
servoirs, which are located 250 m below the stormwater outflow and
suffered regular summer blooms of toxic cyanobacteria (Jurczak et al.,
2012).

The hybrid system was developed and constructed in 2013 within
the “Ecohydrologic rehabilitation of recreational reservoirs ‘Arturówek’
(Łódź) as a model approach to rehabilitation of urban reservoirs” LIFE
project (LIFE08 ENV/PL/000517) (LIFE08 ENV/PL/000517, 2008). It
was located below Wycieczkowa St., on the right side of the river (co-
ordinates: 51°49′16.3“N and 19°29′12.2“E) (Fig. 1). The hybrid system
consists of a functionally integrated engineered system (underground
separators) and biological/ecohydrological system (sequential sedi-
mentation-biofiltration system − SSBS). Stormwater is collected from
the street by four stormwater drainage inlet pits (Fig. 1a,b), which di-
rect the stormwater into a rotary sedimentation separation tank
(Fig. 1a,c) with a volume of 8 m3, and a lamella oil separator (Fig. 1a)
with a nominal flow of 40 l/s. From the separators, the water flows
through the outflow (Fig. 1a,d) directly to the SSBS.

The SSBS has an area of 425 m2 (17 × 25 m), maximum depth of
0.8 m, retention capacity of 0.4 m, and retention volume ranging
from 170 m3 to 220 m3. The flexible retention capacity has been
achieved due to the construction of a weir. The weir is constructed of
3 boards, each with dimensions of 20 × 50 cm. The middle board
possesses a slot in its lower part, 40 cm below the upper edge of the
weir (Photo in Fig. 1a). It has a length ½ that of the weir and a height
1/10 that of the weir. This construction increases the retention ca-
pacity of the SSBS by up to 50 m3, with only a small effect on the
river discharge below the outflow when compared to traditional
systems. During a rain event, the retained water is continuously re-
leased downstream by the slot. At the same time, the system is still
intensively supplied with runoff from the upper catchment and
possesses retention capacity up to the upper edge of the uppermost
board. Altogether, the construction of the weir allows up to 220 m3

of rainwater to be retained during a single event, and it does not
require manual operation after the reservoir is filled up. Without a
slot, the water would overflow the weir after the retained water
reaches 170 m3, and after the rain, the excess water would have to be
released manually to assure capacity for the next event. The In-
tellectual Property Rights for the construction of the system have
been protected by patent application No. P.416886.

The SSBS has a sequential construction. The upper part of the SSBS
consists of two sedimentation chambers, which constitute approxi-
mately 1/3 of the SSBS area (Fig. 1a,e,f). The sedimentation zone is
divided into two parts, with a mechanical barrier (Fig. 1a) made of a
metal grid. The barrier is fixed to the reinforced ground and covered
with a biodegradable geofibre material (400 g/m2) to increase the ef-
fectiveness of the sedimentation process (Fig. 1a). The sedimentation
zone is followed by the biofiltration zone of the system (Fig. 1a,g), with
a small floating island (6 m2) located in the outflow part of the SSBS
planted with the following aquatic vegetation: Typha angustifolia (L.),
Carex riparia William Curtis, Glyceria maxima (Hartm.) Holmb., Iris, and
Ceratophyllum demersum (L.). The biofiltration zone (Fig. 1a,g) con-
stitutes approximately 2/3 of the SSBS. It is separated from the sedi-
mentation part by a dolomite gabion covered with an RG17 coconut
mesh mat (900 g/m2 × 2) made of coconut fibres 5 cm thick. The
sampling sites (stations 1–8) of the hybrid system from the Bzura river
are shown in Fig. 1.
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