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a b s t r a c t

The study analyses the efficiency of a Sequentional Sedimentation-Biofiltration System (SSBS) built on
the Sokolowka river in Lodz (Poland). It was constructed to purify a small urban river whose hydrological
regime is dominated by stormwater and meltwater. The SSBS was constructed on a limited area as multi-
zone constructed wetlands. The SSBS consists of three zones: sedimentation zone with structures added
to improve sedimentation, a geochemical barrier made of limestone deposit and biofiltration zone. The
purification processes of total suspended solids (TSS), total phosphorus (TP), total nitrogen (TP) and other
nutrients: phosphates (PO4

3�), ammonium (NH4
þ) and nitrates (NO3

�) of the SSBS were analyzed. Chloride
(Cl�) reduction was investigated. Monitoring conducted in the first two hydrological years after con-
struction indicated that the SSBS removed 61.4% of TSS, 37.3% of TP, 30.4% of PO4

3�, 46.1% of TN, 2.8% of
NH4þ, 44.8% of NO3

� and 64.0% of Cl�. The sedimentation zone played a key role in removing TSS and
nutrients. The geochemical barrier and biofiltration zone each significantly improved overall efficiency
by 4e10% for TSS, PO4

3�, TN, NO3
� and Cl�. Although the system reduced the concentration of chloride,

further studies are needed to determine the circulation of Cl� in constructed wetlands (CWs), and to
assess its impact on purification processes.

© 2017 Published by Elsevier Ltd.
1. Introduction

Engineering has historically found a role in urban water man-
agement by assuring basic needs such as access to drinking water,
providing a sewage system for preventing disease and controlling
flooding (Brown et al., 2008). This approach, together with the
overall trend to rely on engineered measures to meet environ-
mental needs and solve environmental problems, has caused sig-
nificant deregulation of natural processes, both as sources of
ecosystem services, ecological safety and wellbeing for society, and
as the basis for sustaining ecosystems and habitats (Grimm et al.,
2008; Mass et al., 2016). Today, the aging technical (grey) infra-
structure used for controlling the water cycle, together with high
density development and climate change (Revi et al., 2014), are
generally observed as being responsible for such problems as urban
drought, the heat island effect (Gunawardena et al., 2017), hydraulic
stress (Leitner et al., 2017) and intensified pollution transfer (Zhang
et al., 2015) in urban areas.
Szklarek).
Growing interest in green infrastructure in scientific research,
policy and practice has driven the search for a solution to address
these challenges. Such approaches as Blue-Green Infrastructure
(European Commission, 2013) and Nature-Based Solutions
(European Commission, 2015) are believed to provide more com-
plex, multifunctional, benefits and be more cost-efficient than grey
infrastructure. For example, the present value of the city-wide
benefits of controlling combined sewer overflows in four Phila-
delphia's Watershed (Tacony-Frankford, Cobbs Creek, Lower
Schuylkill River and Lower Delaware RiverWatersheds) using green
infrastructure (Low Impact Development e LID) was estimated to
be $2846.4 million over a 40-year study period (from 2010 to
2049); this is significantly greater than the estimated benefits of
using grey infrastructure for the same purpose, which were found
to total about $122.0 million (Stratus Consulting, 2009).

The use of constructedwetlands (CWs) is an example of a nature
based-solution which has been successfully used for the retention
and purification of stormwater runoff (Scholz, 2006; Mitsch and
Gosselink, 2007; Vymazal, 2007; Dou et al., 2017). One of the
fundamental parameters influencing the efficiency of the wetland
is its size or physical dimension (Carleton et al., 2001; Johannesson
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et al., 2011; Tanner and Kadlec, 2013; Wang et al., 2014; Vergeles
et al., 2015). Maximum efficiency of the CW in this regard can
hence be achieved by manipulating three key aspects: their area
ratio (CWs area to drainage area), their hydraulic properties, which
govern the retention time provided by CWs, and their kinetic
properties, which determine the size and retention time re-
quirements to achieve a certain target reduction (Mungasavalli and
Viraraghavan, 2006). Although larger CWs can remove greater
amounts of pollution, the spatial, infrastructural, social and eco-
nomic circumstances of cities often preclude the construction CWs
with a threshold size, which increases chances for efficient nutrient
removal - recommended minimum of 2e5% of the drainage area
(Schueler, 1992; Shutes et al., 2004; Bratieres et al., 2008), espe-
cially in high-density areas.

Pollutant removal in CWs depends also on several microbio-
logical, biological, physical and chemical processes which occur
sequentially or simultaneously (Scholz, 2006; Vymazal, 2007;
Wang et al., 2017). The degree of nitrogen removal increases with
temperature (Kadlec et al., 2012; Wang et al., 2017) and length of
retention time (Kearney et al., 2013; Wang et al., 2014). Phosphate
(PO4

3�) removal typically occurs by biological activity and adsorp-
tion, while total phosphorus (TP) content is primarily influenced by
the sedimentation efficiency and sediment retention capacity
(Vymazal, 2007; Wang et al., 2017). The level of total suspended
solids (TSS) is reduced by physical processes such as sedimentation,
decantation and filtration (Kadlec and Wallace, 2009). Increasing
the size of the CW should increase the efficiency of most of the
nutrient removal processes, but traditional CWs are large-scale
solutions that cannot be used in cities. Therefore, the integration
of CW with sedimentation system and the biogeochemical struc-
ture the efficiency of water purification, even with much smaller
area. An example of such measure is the is the multi-zone con-
structed wetland tested in this research.

The search for cost-effective solutions and optimization of these
processes led to the design of the Sequentional Sedimentation-
Biofiltration System (SSBS), based on the principles defined by
Ecohydrology (Zalewski et al., 1997; 2000, 2002). Optimization of
SSBS operation was based on the relationship between nutrient
supply, the system hydrological parameters, the function of its bi-
otic structure and its biogeochemical processes (Zalewski, 2014;
Palmer et al., 2015). The SSBS differs from traditional CWs in hav-
ing separate zones (sedimentation and geochemical barrier), which
increase the pollution removal rate. Only the last biofiltration zone
of the SSBS exists as a traditional CW e a treatment system with
wetland plants and soil media.

The present study was conducted to determine the nutrient
removal rate in each of the three zones of the SSBS, with particular
emphasis on the influence of the structures used in the sedimen-
tation zone and limestone deposits on the purification processes,
and the overall efficiency of the system. The SSBS is a constructed
wetland for purifying water in a small urban river, whose hydro-
logical regime is determined by stormwater and meltwater, with a
limited surface area comparing to the recommended minimum of
2e5% of the drainage area (Schueler, 1992; Shutes et al., 2004;
Bratieres et al., 2008). A review by Carleton et al. (2001) and
Kadlec and Wallace (2009), found the SSBS to have the smallest
area ratio (0.02%) of CWs, i.e. the ratio of purification system surface
area to contributing watershed area.

2. Materials and methods

2.1. Study site

The study was conducted in the city of Lodz, central Poland,
whose hydrographic network consists of several small streams or
rivers. One of these waterways is the Sokolowka river, flowing in
the north-western part of the city. The Sokolowka river catchment
area is 45.95 km2, and the total length of the watercourse is
12.8 km. The total length of the separated stormwater drain system
connected to the river is three times that of the river itself, with
over 50 outlets.

The upper part of the catchment which supplies the SSBS is
covered by high density single-housing with a high proportion
(more than 47%) of impermeable surface (Bartnik and Moniewski,
2013). The river below the SSBS is tamed with a cascade of six
recreational reservoirs. The cascade of reservoirs used to be pro-
tected from the stormwater pollution by a sedimentation tank
located on the bank of the river (km 9 þ 537). In 2011, the sedi-
mentation tank was replaced by the SSBS as part of the EU SWITCH
project (6 FP EU, GOCE 018530), in close cooperation with the Lodz
City Office. Additionally, two dry ponds were constructed above the
SSBS in 2009 and in 2012 to purify the water and mitigate the flow
volume propagating downstream. Sokolowka River became a
demonstration project for testing ecohydrological approaches and
system solutions to enhance city sustainability based on water re-
sources management (Wagner and Zalewski, 2011).

The catchment area above the SSBS is 5.72 km2. The SSBS is 65m
long and 16 m wide, with an area of 1040 m2, which represents
0.02% of the catchment area. The mean depth of the SSBS is 0.35 m
with a maximum of 0.5 m. The SSBS is divided into three zones
(Fig. 1.):

� An intensified hydrodynamic sedimentation zone (with surface
flow): an area with concrete and lamellar structures which
reduce the energy of the inflow and enhance sedimentation. The
zone is 32 m long and is closed with a rock gabion, which was
covered by geotextile coconut mat.

� An intensified biogeochemical processes zone (with subsurface
flow) made of limestone: an area which increases the intensity
of biological processes, has an additional filtration function and
adsorbs PO4

3�. The zone is 5 m long and ends with a rock gabion.
� A biofiltration zone (with surface flow): a wetland zone with
Phragmites australi, Typha latifolia, Acorus calamus planted in
rows next to each other (in 6 m, 10 m and 8 m-long strips,
respectively) in 0.35 m-deep sand-gravel subsoil. At the end of
each plant zone, PVC sheet piles 8 m long were installed, set
perpendicularly to the flow direction, which increase the length
of the water flow path by about 25e30%.

� A post-treatment zone: an 8 m� 8m area behind the final sheet
piles, without subsoil material. Separated from the biofiltration
zone by a concrete curb measuring about 100 � 30 � 15 cm.

The SSBS is located of the left bank of the Sokolowka river, and
connected by a side channel; the main channel of the river still
operates as a “bypass channel” to prevent hydraulic overload and
erosion damage, and to prevent flushing out pollutants stored in
the SSBS during periods of high flow (Fig. 1). During normal and
high-flow periods, the SSBS system works as a free water surface
wetland (FWS CW), while during winter, when ice covers the sys-
tem, it acts as a horizontal sub-surface flow wetland (HSSF CW).

2.2. Sampling and analyses

The research was conducted during two consecutive hydrolog-
ical years after SSSB construction (2011/2012 and 2012/2013).
Water samples were taken twice a month (every two weeks) with
additional samples taken during rainfall periods at five sampling
stations:

� SOK1 e inflow of the Sokolowka river above the system



Fig. 1. Scheme of the seqentional sedimentation e biofiltration system on sokolowka river in Lodz, Poland.
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� K1 e end of the sedimentation zone
� K2 e end of the biochemical zone
� K3 e end of the biofiltration zone
� OD1, OD2 e outflows from the system.

As the water leaves the SSBS via two different outflows,
depending on the river discharge, the outflow in the analysis was
presented as OD. The value for the OD point usually equaled the
values for OD1 outflow. During periods of high or extremely high
water level, OD values were calculated as the mean of all func-
tioning outflows.

All water samples were collected manually for all sampling
station during regular monitoring and high flow periods (during
rainfall when SSBS was supplied with stormwater).

The following physical parameters were measured in situ by a
YSI Professional Plus handheld multiparameter meter: water tem-
perature (T), pH, dissolved oxygen (DO), conductivity (SPC) and
water depth in the SSSB. YSI instrument was calibrated in labora-
tory before each sampling session. The collected water samples
were analyzed for total nitrogen (TN) (Hach, 1997), total phos-
phorus (TP) (Golterman et al., 1978) and total suspended solids
(TSS), by gravimetry. Ammonium, nitrates, phosphates and chloride
ions were analyzed using a Dionex® ion chromatograph with a
cation column (CG18, IonPac CS18, CSRS-ULTRA II) and an anion
column (AG22, IonPac AS22, ASRS e ULTRA II). The systems were
operated in isocratic elution at 30 �C at a flow rate of 1 ml/min. For
ion identification, combined standards were used (Dionex
Corporation).

The removal rate was calculated according below formulas:

R ¼ (Cnþ1 - Cn)/Cn x 100%;

E ¼ (COD e CSOK1)/CSOK1 x 100%;

where:

R - removal rate for each zone [%]
C e annual mean concentration of analyzed pollutant [mg L�1],
n e sample points where 1 is SOK1, 2 is K1, 3 is K2, 4 is K3, and 5
is OD.
E - overall efficiency [%]
The efficiency of the sedimentation process was measured as
the thickness of the sediment layer. Three sets of sediment samples
were taken for further analysis in 2013: in June, August and
October. The thickness of the deposits was measured manually,
using a wooden pile with a scale, in a 2 m � 2 m grid. Sediment
samples were taken in three transects: the first before the lamella
line, the second in the middle of the sedimentation zone, and the
last one - 2 m before the end of the zone (Fig. 2A). Three samples
were taken in each transect: in the middle of zone, and 2 m from
both shores, and a composite samples for analysis were prepared by
mixing these three samples for each transect. The collected samples
were dried and subjected to the following analyses: mineral and
organic matter by gravimetry; sediment particle size (the areo-
metric method according to Pr�oszy�nski), TN (according to Klejdahl)
and TP (colorimetry) were analyzed in an accredited laboratory.
Sludge thickness maps were made in Surfer® version 8.

The significance of the changes of the concentrations of the
analyzed compounds between sampling points were examined by
the Wilcoxon signed-rank test.
3. Results and discussion

The pollutant concentration and pollutant concentration
removal rate at each sample point in the SSBS are shown in Table 1
and Table 2, respectively. The changes in the mean values of the
physicochemical parameters through the SSBS are shown in
Supplement 1. The mean concentrations of pollutants and physi-
cochemical parameters are given with reference to Polish Water
Quality Standards (annual mean) (PWQS, 2014).
3.1. The key purification role of the sedimentation zone

The sedimentation zone is the first stage of water purification in
the SSBS. It was found to provide the greatest reduction of analyzed
pollutants (Tables 1 and 2). The zone reduced the mean concen-
tration of TSS by 59.7% from 132.98 mg L�1 at the inflow (SOK1) to
53.63 mg L�1 at the end of the zone (K1) (see sample points on
Fig. 1). Similar results were noted for the Imperial and Brawley
multi-zone CWs, i.e. 94.3% and 88.8% respectively (Kadlec et al.,
2010), both systems had pre-treatment zones with a mean depth



Fig. 2. Sediment analysis results in sedimentation zone in 2013 (A) sediment layer depth (blue circles - concrete columns, blue rectangles - lamels), (B) percent organic matter
content in sediments, (C) particle size composition of sediments and (D) nitrogen concentration and total phosphorus in sediments.

Table 1
Annual mean concentration of analyzed compounds (with ± Standard Deviation - SD) at each sample point in Sequentionall Sedimentation-Biofiltration System, in reference to
the Water Quality Standards (annual mean) (PWQS, 2014).

Sampling points TSS (mg L�1) TP (mg L�1) PO4
3� (mg L�1) TN (mg L�1) NH4

þ (mg L�1) NO3
� (mg L�1) Cl� (mg L�1)

SOK1 132.98 ± 231.11 0.67 ± 0.68 0.46 ± 0.78 6.14 ± 4.39 1.09 ± 1.62 10.52 ± 6.57 1280.1 ± 2475.8
K1 53.63 ± 72.59 0.35 ± 0.29 0.28 ± 0.46 3.94 ± 2.51 1.57 ± 2.19 7.54 ± 7.69 241.5 ± 528.6
K2 47.25 ± 75.92 0.33 ± 0.24 0.26 ± 0.41 3.52 ± 2.43 1.41 ± 2.17 6.93 ± 7.22 182.7 ± 386.6
K3 34.68 ± 60.40 0.31 ± 0.27 0.24 ± 0.38 3.29 ± 2.71 0.90 ± 1.30 5.90 ± 7.62 166.3 ± 325.5
OD 51.37 ± 76.19 0.42 ± 0.41 0.32 ± 0.48 3.31 ± 2.32 1.06 ± 1.69 5.81 ± 6.94 460.9 ± 978.4
Water quality standard (II class) �50 �0.40 �0.31 �10 �2 �22.5 �300
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of 2 m, while that of the SSBS was only 0.4 m. Although, as noted by
Kadlec and Wallace (2009), SSBS systems with shallow sedimen-
tation zones should be less effective at TSS reduction. Walker
(2001) indicates that additional structures such as islands pro-
mote particle sedimentation, even in CWs with a mean depth of
0.77 m. High reduction of TSS (84.4%) was noted in the first zone
Table 2
Overall and each zone removal rates in the Sequentional Sedimentation-Biofiltration
System.

TSS (%) TP (%) PO4
3� (%) TN (%) NH4

þ (%) NO3
� (%) Cl� (%)

removal rate for each zone of SSBS
SOK1-K1 59.7 47.8 39.1 35.8* �44.0* 28.3* 81.1
K1-K2 4.8* 2.9 4.4 6.9* 14.6 5.8* 4.6*
K2-K3 9.4* 3.0 4.3* 3.7* 47.1 9.8* 1.3*
K3-OD �12.5* �16.4* �17.4 �0.3* �14.9 0.9* �23.0
overall removal rate in relation to inflow concentration
SOK1-OD 61.4* 37.3* 30.4 46.1* 2.8 44.8* 64.0

* Significant results with p < 0.05.
(cell) of the Dye branch stormwater wetland in Piedmont, where
water depth was less than 30 cm over 79% of the total wetland area
(Hathaway and Hunt, 2010).

The role of the sedimentation structure could be seen in the
results of sediment thickness analyses (Fig. 2A). Sediments accu-
mulating in the first zone were removed by excavator from the
shore after winter when the ice and snow cover melted (March-
eApril, each year). For ease of operation, the structures weremoved
to the distal part of the sedimentation zone. One month after
sediment removal (June 2013), the greatest thickness of sludge
ranged from 6 cm to 12 cm at the end of the zone, and below 8 cm
near the inlet part. In August and October, the deepest sedimen-
tation layer, ranging from 6 cm to 18 cm, was found in the inlet,
while it remained at the same level (6e14 cm) at the end of the
zone. The sedimentation structure facilitated strong TSS reduction
by slowing the inlet flow velocity, which promoted particle sedi-
mentation (Kadlec and Wallace, 2009).

The sedimentation zone played a key role in the process of
phosphorus reduction. The mean concentration of TP in the
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sedimentation zone fell from 0.67mg L�1 to 0.35mg L�1 (Table 1): a
47.8% reduction (Table 2). The importance of the first zone of pu-
rification systems in P reduction was also confirmed by
Johannesson et al. (2011), who found that 80% of the incoming
phosphorus sediments were retained in the initial part of a Swedish
CW. Hathaway and Hunt (2010) noted 61.3% reduction of TP in first
wetland cell. Andersson et al. (2005) observed that efficiency
reduction of TSS could increase the removal rate of TP. Also Kadlec
et al. (2010) found particulate P to be the major phosphorus form
retained in the Imperial and Brawley CWs in the USA.

The observed decrease in mean TP concentration in the sedi-
mentation zone of the SSBS might be also a result of phosphate
removal. The mean concentration of PO4

3� fell from 0.46 mg L�1 to
0.28 mg L�1 (Table 1): a 39.1% removal rate (Table 2). Phosphates
can be removed from water by physicochemical processes and
biological uptake (Fisher and Acreman, 2004; Vymazal, 2007). The
occurrence of calcium, aluminum and iron ions in thewater and the
suspension flowing into the SSBS might enhance PO4

3� binding in
sediments (Moore and Miller, 1994; House and Denison, 2000;
Wang et al., 2009), particularly the sediments in the first zone of
the SSBS whose mineral fraction content was above 85% (Fig. 2B).
Phosphates might also accumulate in biomass. Kadlec et al. (2010)
noted that the sedimentation basin might function as algal ponds,
which provide for PO4

3� removal. Zhimiao et al. (2016) report that
incorporating an algal pond in a CW results in phosphate levels
being reduced by 86.4e88.7%, while traditional CWs remove PO4

3�

in the range 60.1e75.0% during a three-day retention period.
Microbiological activity could be also responsible for phosphate
reduction (Truu et al., 2009).

The sedimentation zone provided a significant reduction of TN
and NO3

�: 35.8% and 28.3%, respectively (Table 2). The mean con-
centration of TN decreased from 6.14mg L�1 to 3.94 mg L�1, and the
mean NO3

� concentration fell from 10.52 mg L�1 to 7.54 mg L�1

(Table 1). A significant increase of mean NH4
þ concentration from

1.09 mg L�1 to 1.57 mg L�1 (a 44% rise) was noted (Tables 1 and 2).
Hathaway and Hunt (2010) observed 51.7% reduction of TN and
68.2% for NOx in first wetland cell.

The first SSBS zone provided 81.1% reduction of chlorides, whose
concentration changed from a mean of 1280.1 mg L�1 at SOK1 to
the 241.5 mg L�1 at the end of the sedimentation zone. Little
knowledge exists concerning the degree of chloride reduction
provided by CWs, therefore further analysis is needed to investigate
this observed reduction of Cl�, especially since some of the
stormwater control measures, such as permeable pavements, have
been found to release chloride in spring, after winter salt applica-
tion (Borst and Brown, 2014; Winston et al., 2016).

3.2. Complementary role of the geochemical barrier

The geochemical barrier further increased the removal rate of all
analyzed pollutants in the SSBS by 2.9e6.9% (Table 2). Higher
values were recorded for NH4

þ with a reduction of 14.6%.
The mean concentration of TSS fell from 53.63 mg L�1 to

47.25 mg L�1 between K1 and K2 (Table 1), corresponding to a 4.8%
reduction. The observed reduction of TSS is likely due to a result of
the existence of a rock and limestone barrier which stopped
pollution in the sedimentation zone and acted as a filter. Studies
conducted in China (Zhang et al., 2010) note that sedimentation and
filtration may remove 89e97% of the initial TSS concentration of
urban runoff.

The geochemical barrier increased the reduction of phosphorus
by 2.9% for TP and 4.4% for PO4

3� (Table 2), but neither result was
statistically significant. The mean concentration decreased from
0.35 mg L�1 to 0.33 mg L�1 for TP and from 0.28 mg L�1 to
0.26 mg L�1 for PO4

3� (Table 1). Low reduction rate, not in the line
with the design assumptions, might be caused by high reduction
observed in the sedimentation zone. It also could be attributed to
variation in hydrological conditions (Lu et al., 2016), as well as
physicochemical conditions such as pH (Dittrich et al., 2011), water
temperature and dissolved oxygen (Zhang et al., 2008; Herrmann
et al., 2014), which affected the phosphate purification processes.
Further investigation is need to determine the rather low reduction
of phosphates in this zone.

Nitrogen compounds were also reduced in the geochemical
barrier. The mean TN concentration decreased from 3.94 mg L�1 to
3.52 mg L�1 (Table 1), which increased the removal rate by 6.9%
(Table 2). The mean concentration of NH4

þ fell from 1.57 mg L�1 to
1.41 mg L�1, (Table 2), representing a 14.6% reduction in the
geochemical barrier (Table 2). The mean NO3

� concentration fell
from 7.54 mg L�1 to 6.93 mg L�1 (Table 1), corresponding to a 5.8%
reduction (Table 2). The reductions of TN and NO3

�were statistically
significant. The reduction of nitrogen compounds observed in the
geochemical barrier in the SSBS might also be a result of physico-
chemical purification processes (Vymazal, 2007; Lee et al., 2009).

The mean chloride concentration decreased from 241.5 mg L�1

to 182.7 mg L�1 in the geochemical barrier (Table 1), which pro-
vided 4.6% significant reduction in this zone (Table 2). An investi-
gation of four different materials acting as reactive media for de-
icing salt removal from urban runoff by de Santiago-Martin et al.
(2016) found that limestone provided a 5% removal rate of Cl� at an
inflow concentration about 150 mg L�1.

3.3. Efficiency of the biofiltration zone

Biofiltration zone of the SSBS increased removal efficiency of all
analyzed pollutants (Tables 1 and 2). Mean TSS concentration
decreased from 47.25 mg L�1 to 34.68mg L�1. The biofiltration zone
provided a 9.4% significant reduction of TSS. The mean TP con-
centration changed from 0.33mg L�1 to 0.31mg L�1, a 3% reduction,
in this zone. The observed mean concentration of PO4

3� decreased
from 0.26 mg L�1 to 0.24 mg L�1, which corresponded to 4.3%
significant removal provided by this zone. The zone provided sig-
nificant reductions in TN (3.7%) and NO3

� (9.8%), and an insignificant
reduction of NH4

þ (47.1%). The mean concentration of nitrogen
compounds decreased from 3.52mg L�1 to 3.29mg L�1 for TN, from
1.41 mg L�1 to 0.90 mg L�1 for NH4

þ and from 6.93 mg L�1 to
5.90 mg L�1 for NO3

�.
The small increase of removal rate seen for the pollutants,

except for ammonium, might be due to the high level of removal
observed in the sedimentation zone, creating diminishing returns
for pollutant removal. Hathaway and Hunt (2010) also noted less
reduction of TSS, TN and TP (18%, 16% and 3%, respectively) in the
last wetland zone. In addition, other studies have shown that
macrophytes play a complementary role in water purification to
nutrients and suspended matter in FWS CWs (Vymazal, 2007; Lee
et al., 2009; Jia et al., 2014).

The mean chloride concentration fell from 182.7 mg L�1 to
166.3 mg L�1 (a 2.7% reduction) across the biofiltration zone. Ac-
cording to Chairawiwut et al. (2016), Cl� could be retained by ab-
sorption and creation of salts in sand-gravel soil. Also, some plant
species, such as Typha angustifolia, Juncus maritimus and Eleocharis
palustris, have phytodesalinization potential (Guesdon et al., 2016).

3.4. Overall efficiency of the SSBS

The monitoring data revealed that the concentrations of all
analyzed pollutants decreased along the flow path of the SSBS
(Table 1).

The mean concentration of TSS fell from 132.98 mg L�1 at the
SSBS inlet to 51.37 mg L�1 at the outlet, a 61.4% reduction, which
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almost met Polish Water Quality Standards (PWQS, 2014). This
reduction was statistically significant. The presence of an uncon-
trolled and rapidly changing flow across the SSBS, combined with a
small SSBS surface area in relation to the total catchment area,
might influence TSS reduction. CWs with a controlled (pumped)
water inflow, ensures a constant retention time, provided higher
efficiency, of around 94%e97% with a TSS concentration of
200e330 mg L�1 at the inflow (Kadlec et al., 2010; Zheng et al.,
2016).

The removal rate of TP and PO4
3� also almost met PWQS at the

outflow, with their concentrations decreasing from 0.67 mg/l to
0.40 mg/l for TP (37.3%; significant) and 0.46 mg/l to 0.32 mg/l for
PO4

3� (30.4%; not significant).
The observed overall reduction rates of TSS and TP were below

the removal rates of 68e89% (TSS) and 34e59% (TP) noted in re-
views of wastewater treatment in other types of CW (Vymazal,
2007, 2010). Carleton et al. (2001) report that TSS and TP reduc-
tion in stormwater CWs depends on the area ratio and detention
time.

The observed levels of nitrogen compounds at the inflow and at
the outflow from the SSBS were below PWQS values. The mean
concentration of TN decreased from 6.14 mg/l to 3.31 mg/l, and
mean concentration of NO3

� fell from 10.52 mg/l to 5.81 mg/l. Both
compounds demonstrated statistically significant rates of reduc-
tion: 46.1% for TN and 44.8% for NO3

�. The removal rate of NH4
þ was

only 2.8% (not significant), with 1.09 mg/l mean concentration at
the SSBS inlet and 1.06 mg/l at the outlet.

The reductions in the levels of nitrogen compounds indicate that
SSBS provides the conditions for the transformation of nitrogen to
gaseous form via the denitrification process. Chen et al. (2014)
report that denitrification contributed to 54%e94% of TN reduc-
tion, while sedimentation was responsible for 1%e46% and plant
uptake for 7.5%e14.3%.

Themean concentration of chlorides decreased from 1280.1 mg/
l to 460.9 mg/l through the SSBS; however, both values exceeded
the level of 300 mg/l specified by the PWQS. The observed 64%
reduction of Cl� was not significant. Coenen (2004) regards chlo-
ride as a forgotten part of the overall circulation of elements in the
environment. Few studies have examined the removal of chlorine
by CWs. Further research about chloride circulation in CWs is
important, particularly in the light of their possible toxic impact on
water ecosystems (Tixier et al., 2012; Szklarek et al., 2015) and
negative impact on the efficiency of purification processes (Scholz,
2006; Zhang et al., 2008).

The concentration of all analyzed compounds, beside nitrates,
increased across the post-treatment part of the SSBS (zone K3-OD)
(Table 2). This could suggest that some pollutant might have been
flushed out fromprevious zones during high flows and stored in the
last part of the SSBS. The post-treatment part was not maintained,
so the sediment retention capacity was exhausted. Moreover, the
SSBS was a young system, so some erosion from soil-gravel subsoil
in biofiltration zone could have also occurred. The increased con-
centration of pollutants in this part of the SSBS needs further
investigation, as it is known that post-treatment structures play an
important role in CW design, thus improving the efficiency of
pollutant removal and extending the operating time of the system
without the need for costly and disruptive maintenance
(Mungasavalli and Viraraghavan, 2006).

Research has shown that multi-zone constructed wetlands such
the SSBS, whose total surface area is 0.02% of the catchment area,
could facilitate pollutant removal, even on a small area which was
below the recommended minimum 2e5% of the CWs drainage area
(Schueler, 1992; Shutes et al., 2004; Bratieres et al., 2008). The
findings confirm that area ratio is not the only parameter which
should be considered when designing CWs: Tanner and Kadlec
(2013) demonstrated that an increase in the CW surface area to
basin area ratio from 1% to 2% results in a 75% improvement in
overall nitrogen removal efficiency, while an increase of 2%e4%
increases the efficiency by only a further 43%.

4. Conclusions

This study assesses the pollutant removal efficiency of a multi-
zone constructed wetland (Sequential Sedimentation-Biofiltration
System) intended for the purification of a small urban river sup-
plied by stormwater (The Sokolowka river, Lodz, Poland).

The study demonstrated that the SSBS provided high pollutant
removal rate, especially while considering its relatively small sur-
face area to the total catchment area. According to Carleton et al.
(2001) and Kadlec and Wallace (2009), the removal efficiency of
the SSBS was comparable or even higher than that of systems with
higher area ratio (Supplement 2).

The results indicate that the sedimentation zone played a
fundamental role in the removal of TSS and nutrients. Its perfor-
mance can be improved by the implementation of structures such
as concrete and lamellar systems, which support the sedimentation
process and lower the inlet flow velocity. Post-investment man-
agement of this zone, including regular monitoring and removal of
excess of the sediments, should provide high efficiency and extend
the operating time of the system.

The SSBS ensured efficient nitrogen transformation, resulting in
significant reduction of TN and NO3

�. The inflow concentrations of N
compounds were below the Polish Water Quality Standards (2014),
so the system could be adjusted to improve the reduction of the
main pollutants (TSS and phosphorus), which were exceeded at the
inflow.

The system reduced chloride concentration, but further studies
are needed to understand its circulation in CWs and to assess the
impact of Cl� on purification processes.

The results indicate that it possible to create efficient working
multi-zone CWs such as monitored SSBS based on ecohydrological
principles for removing pollutants in urban areas with limited
space.
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