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Abstract The level of pollution and the variability of
rainwater runoff quality collected in reservoirs next to
the new Lublin bypass (south-eastern Poland) were
assessed in this scientific paper. In the rainwater har-
vesting and treatment system, two types of reservoirs
with different construction, size and presence of pre-
treatment devices were used. Laboratory tests involved
selected physical, oxygen, biogenic, salinity indicators,
heavy metals and polycyclic aromatic hydrocarbons.
Particularly large variability in concentrations included
NO2

-, TP, PO4
3-, K+ and Cl-. Parameters decreasing the

water quality were mainly conductivity, BOD5, COD,
NO2

-, TP and Cl-. High concentrations of salt and phos-
phorus in collected rainwater require great care in final
management (risk of salinization and eutrophication). In
the second year of research, there was significant dete-
rioration of water quality, which may result from differ-
ent weather conditions and gradual accumulation of
pollutants in new reservoirs. Not many significant dif-
ferences were found in the quality of water collected in
reservoirs with pre-treatment and without it. Loads of
heavy metals and aromatic hydrocarbons in reservoirs
were relatively small. However, these impurities have

high durability and the ability to accumulate in the
environment. Therefore, further studies should also take
into account monitoring of bottom sediments and areas
adjacent to the bypass.
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1 Introduction

The construction of bypasses in the vicinity of cities is
aimed at optimizing and relieving the existing road
system, with particular emphasis on transit traffic. The
implementation of such investments does not mean,
unfortunately, the elimination of threats to the natural
environment and people’s living conditions. Relieving
the transportation route in one place is often associated
with the transfer of many negative impacts on other
areas. Anthropopression, however, tries to be reduced
to the lowest possible level, which is consistent with the
concept of sustainable development.

The most important environmental problems associ-
ated with the presence of roads with heavy traffic vol-
ume include occupancy, destruction and fragmentation
of habitats (weakening the ecological cohesion of the
area) (O'Brien, 2006), emission of pollutants into the
atmosphere (Zhang & Batterman, 2013), noise emission
(Polak et al., 2013), deformation of local hydrological
cycle and outflow of polluted rainwater from drained
areas (Klimaszewska et al., 2007; McGrane, 2016).
Creating sealed surfaces means limiting rainwater
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infiltration, reducing retention and rapid surface runoffs.
Disturbances in groundwater recovery processes and
water self-purification are observed (Congying, 2012;
Geiger & Dreiseitl, 2001).

According to some authors, pollutants contained in
rainwater and snowmelt can pose a serious threat to their
natural receivers (e.g. river beds). The quality of rain
runoff depends on land development, type of sealed
surfaces, volume of traffic, degree of air pollution and
weather conditions (Petrucci et al., 2014; Zhang et al.,
2014). Given the existence of such a large number of
factors, the execution of an accurate forecast of rainwa-
ter quality and determining possible threats is very dif-
ficult. However, due to the risk of a potentially signifi-
cant impact on the environment, it is necessary to con-
duct appropriate observations and develop effective so-
lutions within the scope of rainwater management in
urban areas. Research results obtained in various condi-
tions and places around the world should contribute to
better understanding of phenomena occurring in drain-
age systems of road facilities and to determining project
recommendations that increase the reliability of specific
technologies.

Collection, pretreatment and infiltration of rainwater
at the place of its formation are increasingly used. In
simple solutions, like permeable surfaces, infiltration
basins, settlers and retention ponds, natural self-
purification processes are used (Hossain et al., 2005;
Ivanovsky et al., 2018; Zubala & Patro, 2015). Due to
the slowdown of flow, ideal conditions for sedimenta-
tion, flotation, dilution and sorption are created. The
entry of rainwater into the ground should also be bene-
ficial for the local water balance. Regardless of the
method of final management of rainwater runoffs, the
precautionary principle and preventing accidental pol-
lution should always be remembered.

The purpose of this study was the assessment of the
temporal and spatial variability of rainwater quality
collected and pre-treated in reservoirs located next to
the new bypass of the Lublin agglomeration (south-
eastern Poland). These reservoirs are the final stages of
the drainage system by which rainwater infiltrates the
ground. The levels of water pollution in the early phase
of construction of the bypass were determined and the
preliminary forecast of possible environmental impacts
was made. The analysis involved all rainwater reservoirs
as one receiver (common data set) and each of the
objects separately as an independent device. The struc-
tural differences, the presence or the lack of pre-

treatment systems and changes in weather conditions
during the research period were taken into account. An
attempt was also made to assess the legitimacy of using
specific solutions. The collected results should be valu-
able for scientists working in the field of environmental
protection and water management, as well as for de-
signers and users of rainwater management systems.

2 Material and Methods

2.1 The Study Area

The analysed section of the Lublin bypass was commis-
sioned in October 2014. It bypasses the city from the
north and east (Fig. 1). The northern part has two road-
ways and 6 lanes, and the eastern one has two roadways
and 4 lanes in total. The width of the road lane is 3.5 m,
and the central reservation is 4–5 m. The width of soft
shoulders is in the range of 1.25–2.50 m. The wearing
course of the roadway was made of asphalt concrete.
According to unpublished data of General Directorate
for National Roads and Motorways, the traffic volume
in the northern and eastern part of the bypass was similar
in the research period, amounting to 12,000 vehicles per
day on average. This is a small amount considering that
the forecasts show an increase in traffic volume to about
40,000 vehicles a day by 2026 (Rayski et al., 2010).

Along with the bypass, a rainwater harvesting and
treatment system containing examined rainwater reser-
voirs (R1-R5) were commissioned. They are located in
the immediate vicinity of the road. Their location is
shown in Fig. 1. The bypass drainage system is based
on gravity flow. The aim of the reservoirs is to reduce
the flow of rainwater (retention) before its channelling to
a final receiver and to reduce concentrations of pollut-
ants. Purification of rainwater takes place in the water
and ground environment during natural processes,
which include sedimentation, flotation, dilution, mixing,
sorption, oxygenation, chemical and biological reac-
tions (R1-R5) and filtration (R2-R4).

The area, which the bypass runs through, is charac-
terized by a rolling loess landform with height differ-
ences of several dozen meters and large slopes. In some
sections, the route runs close to farms, and in the north-
eastern part, it crosses the periphery of Lublin city. In
the final part of the eastern section, it meets a small
forest complex—Central European oak-hornbeam (vi-
cinity of reservoir R5) (Fig. 1). The discussed is located
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within the protected area of the Main Underground
Water Reservoir “Niecka Lubelska”. It is one of the
largest natural underground water reservoirs in Poland
with a high degree of risk (Mikołajków & Sadurski,
2017). The bypass also runs near valuable natural
areas—the Ciemięga river valley (neighbourhood of
R1-R3)—and intersects with the Bystrzyca river valley
(neighbourhood of R4). Fragments of these lands are
under legal protection. In the area of the protected
landscape of “Ciemięga Valley” there are peat bogs,
riparian forests and marshy meadows (bottom of the
valley), thermophilic swards (S-facing slopes) and horn-
beam forests (numerous gullies) (Urban, 1995). A spe-
cial area of habitat protection “Bystrzyca Jakubowicka”
(Natura 2000 area) is located just 50 m from the axis of
the bypass. There are lowland habitats and mountain

meadows used extensively, habitats of waterlogged
meadows and patches of riparian forests (IE, 2019).

2.2 Climate Conditions

In the analysed period, annual sums of precipitation
were variable and exceeded the average annual precip-
itation for a multiannual period (Table 1). The year 2016
received higher precipitation than normal with an in-
crease of 100 mm compared with the average year
(1971–2010). The highest monthly sum of precipitation
was recorded in July 2016 (138 mm—about 20% of
annual precipitation), with greater than 100 mm in Oc-
tober as well. In 2017, October was the most abundant
in precipitation. Its sum was about twice as high as the
average for this month. Similar amounts of precipitation

Fig. 1 Location of the bypass and analysed reservoirs of rainwater (R1-R5)
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were characteristic also for July and September (about
90 mm). The driest month in the study period was
September 2016 with precipitation of 12 mm. Only
3 mm higher precipitation was recorded in January
2017. In comparison to the multiannual period (52
mm), the differences between minimum and maximum
monthly precipitation in a given year have definitely
increased (2016, 126 mm; 2017, 77 mm). This could
have caused a large variation in the size of rainfall
runoffs during the research period.

The average annual air temperatures during the study
period were higher by 0.7 °C (2017) and 1.0 °C (2016)
than the multiannual average (Table 1). In 2016–2017,
larger differences between minimum and maximum
monthly temperatures were also observed. In the
analysed period, the coldest month was January with
temperatures −4.2 °C (2016) and −5.7 °C (2017). Neg-
ative monthly temperatures were also recorded in De-
cember 2016 and February 2017. The highest average
monthly air temperatures occurred in summer, which is
consistent with values in the multiannual period.

According to Kaszewski (2008), the average annual
number of days with snowfall in the research area is 48.
On the other hand, the average annual number of days
with snow cover in the Lublin region varies from around
60 to 80. From field observations conducted in 2016–
2017, it appears that the total time of lying snow cover
during a year did not exceed 30 days.

2.3 Rainwater Reservoirs

The distance between fringe reservoirs in a straight line is
16.2 km, and measuring along the road axis 22.9 km (Fig.
1). Reservoirs 2–4 (R2-R4) have permeable bottoms,
while reservoirs 1 and 5 (R1 and R5) are sealed construc-
tions without the possibility of water infiltration into the

ground. During maximum flows, excess water overflows
from reservoirs and enters the ground. Reservoirs of each
type have identical construction. They differ mainly in
parameters presented in Table 2. The average catchment
area slightly exceeds 8 ha. The analysed catchments have
the same types of surface (asphalt roadway, grassy central
reservation and soft shoulder).

Sealed reservoirs are earthen structures whose bot-
tom and slopes have been secured with geomembrane
(hydroinsulation) laid between protective layers of sand.
Inclination of slopes is from 1:1.5 to 1:2. Bottom and
slope surfaces (up to the water table) are reinforced with
openwork concrete slabs. Under them there is a fine
gravel bed (30-cm layer). The slopes above the water
table were sodden. Infiltration reservoirs are also earthen
structures, whose bottom and slopes are lined with filter
geotextile. Geotextile was placed between layers of fine
gravel (upper layer, 10 cm; lower layer, 20 cm). Side
slopes have an incline of 1:2 and are lined with open-
work slabs to the start of the water table. Above the
slabs, the inner surface of slopes is sownwith grass (Fig.
2). Maintenance of reservoirs consists of mowing veg-
etation, filling soil losses on slopes, maintaining tight-
ness of log stops and removing sediments. Due to the
short time of operation of the analysed facilities, bottom
sediments have not been removed so far.

The rainwater supply system for the examined reser-
voirs includes road inlets with settlement wells, located
at the edge of the roadway, lateral sewers, a sealed
underground sewer (under the central reservation of
the bypass), sealed ditches (only within interchanges),
inspection wells and pre-treatment devices (grates, set-
tlers and coalescing separators). Settlers and separators
are installed only before infiltration reservoirs (R2-R4).
The drainage network consists of stoneware, cast iron or
concrete sewer pipes of diameters from 0.2 to 1.2 m.

Table 1 Monthly and annual sums of precipitation and average air temperatures during the study period (2016 and 2017) against the
background of average climatic conditions in multiannual period (1971–2010) (CSO, 2017; SP, 2018)

Period I II III IV V VI VII VIII IX X XI XII I-XII

Precipitation (mm) 2016 35 61 59 35 33 52 138 45 12 116 48 64 698

2017 15 40 34 56 41 30 87 55 88 92 46 29 613

1971–2010 32 30 37 39 63 69 82 69 63 43 38 33 598

Temperature (°C) 2016 −4.2 3.0 3.5 8.9 14.4 18.3 18.9 17.8 15.2 6.7 2.2 −0.2 8.7

2017 −5.7 −1.7 5.4 7.0 13.5 17.7 18.1 19.1 13.6 8.9 3.7 1.6 8.4

1971–2010 −3.1 −2.0 2.0 8.0 13.5 16.1 18.5 17.7 13.0 7.8 3.0 −1.6 7.7
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2.4 Analysis of Rainwater Quality

The research was carried out in 2016–2017. In all reser-
voirs, samples of water were collected on the same day in a
short period of time. Water samples were taken seasonally
using a bailer (conditions: 1 meter from the shore, half
distance between inflow and outflow, rainless weather—
between surface runoffs). In the Laboratory of Water and
Sewage at the University of Life Sciences in Lublin,
electric conductivity (conductometry), pH (potentiomet-
ric), total suspension (dried-weight method), dissolved
oxygen (O2), BOD5 (dilution method), COD (bi-chromate
method), total nitrogen (TN), ammonium ions (NH4

+),
nitrates (NO3

-), nitrites (NO2
-), total phosphorus (TP),

phosphates (PO4
3-), potassium (K+) and chlorides (Cl-)

(photometrical) were determined. Chemical components
were measured using a Nanocolor VIS (Macherey-Nagel)

spectrometer and LF 300 (Slandi) photometer. Physical
properties were determined using amulti-parameter device
Orion Star A329 (Thermo Fisher Scientific).

In autumn 2016, the content of heavy metals (Cr, Zn,
Cd, Cu, Pb and Ni) and polycyclic aromatic hydrocarbons
(fluoranthene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, benzo(g,h,i)perylene and indeno(1,2,3-
cd)pyrene) were measured once in the examined water.
These analyses were performed in Central Agroecological
Laboratory of the University of Life Sciences in Lublin.
The method of mass spectrometry with inductively
induced plasma (ICP-MS) (heavy metals) and liquid
chromatography (HPLC) with fluorescence detection after
liquid-liquid extraction (aromatic hydrocarbons) were
applied.

To conduct assessment of the rainwater runoff qual-
ity, extreme and average values of analysed indicators

Table 2 Basic parameters of examined reservoirs

Designation Type Bottom surface
(m2)

Bottom ordinate (m
a.s.l.)

Active/maximum
depth (m)

Active/maximum
capacity (m3)

Catchment area
(ha)

R1 Sealed 3800 213.10 0.90/1.40 3610/5780 10.7

R2 Infiltration 2300 204.05 0.55/2.50 1320/6955 5.8

R3 Infiltration 2550 204.52 1.00/1.95 2720/5755 9.5

R4 Infiltration 2620 164.80 0.75/2.50 2090/7980 9.4

R5 Sealed 1580 198.00 1.30/2.00 2310/3840 5.0

Average
R1-R5

- 2570 196.89 0.90/2.07 2410/6062 8.1

Fig. 2 General view of selected
rainwater reservoirs
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for the reservoirs system and each control point were
determined. The statistical variability of obtained results
was determined based on values of standard deviation
and the coefficient of variation. The Mann-Whitney
non-parametric test was used to compare variables of
water quality taking account of types of reservoirs (in-
filtration ones with pre-treatment and sealed ones with-
out pre-treatment). The statistical test also made it pos-
sible to determine the significance of differences in
water quality between individual years (2016 and
2017) and half-years (spring-summer and autumn-win-
ter). The value of “n” depends on the type of analysis
(sets of compared data include 12 to 24 observations,
excluding heavy metals and PAH – single measure-
ment). The obtained results were compared with Polish
surface water quality standards (quality classes)
(Regulation of the Minister of the Environment, 2016)
and selected literature data.

3 Results and Discussion

3.1 R1-R5 Reservoir System

The quality of water collected in the analysed reservoir
system is characterized by high variability (Table 3).
High coefficients of variation, exceeding 100%, include
NO2

-, TP, PO4
3-, K+ and Cl- (R1-R5). This parameter

also achieves a relatively high value in the case of
electrolytic conductivity and NO3

- (approximately
80%). The value of coefficients of variation for the
remaining indicators is within 12.6 (pH)-70.3% (sus-
pension). Comparative analysis of individual reservoirs
showed extremely high variability in rainwater quality
collected in R4. The values of this statistical parameter
approach or exceed 100% in the case of half of the
indicators. Among the systems, rainwater in R5 is char-
acterized by the least variation in quality (the highest
number of indicators with the lowest variability). Taking
into account individual reservoirs, the highest coeffi-
cients of variation, amounting to approximately 140%,
were recorded in the case of NO2

- (R5), TP (R2 and R4)
and Cl- (R2). The research carried out in other facilities
of the rainwater management in Lublin region also
confirms significant variability in the quality of retained
water (Zubala, 2013, 2018). This phenomenon results
from the existence of a large number of factors deter-
mining the extent of pollution of rainfall runoffs. It
depends on the usage of drainage area (Peng et al.,

2016; Zhang et al., 2013), the variability of precipitation
and thermal conditions in the analysed area (Mangani
et al., 2005) (Table 1).

In the majority of measurement dates, rainwater col-
lected in examined reservoirs (system R1-R5) was of
unsatisfactory quality (Regulation of the Minister of the
Environment, 2016). The indicators lowering the water
quality were mainly conductivity, BOD5, COD, NO2

-,
TP and Cl- (Table 3). The maximum value of electric
conductivity was 2719.0 μS·cm-1 (R2 – March, 2017)
with the average for five reservoirs of 1056.2 μS·cm-1.
The average values of this indicator for individual facil-
ities were within 885.6 (R4)-1285.5 μS·cm-1 (R3). In
35% of analysed samples, the conductivity value signif-
icantly exceeded 1500 μS·cm-1. This indicates high
water mineralization and its contamination. The increase
of conductivity in a given measurement date was always
accompanied by an increase of concentration of Cl-. In
cases when conductivity exceeded 1500 μS·cm-1, the
content of Cl- ranged from 480.0 to 1155.0 mg·dm-3.
The maximum concentration of Cl- was recorded in the
water sample, which was also characterized by the
highest conductivity. Discharging rainwater in such
condition directly to a natural receiver could increase
its salinization (Craig & Zhu, 2018; Lazur et al., 2020).
Salt affects negatively on vegetation not only through
splashes (direct proximity of the road) but also through
soil solutions (longer distance from the road). This
contamination can relocate to long distances with sur-
face runoffs. The high concentration of salt in soil
disturbs the process of water and nutrients uptake by
plant roots, causing their weakening and death (Mokrani
et al., 2020).

In the analysedwater, the average pH value was close
to neutral and amounted to 7.4. Only in two samples the
level of 9 was exceeded (R5 – summer 2016 and spring
2017). Alkalization of retained rainwater results from
the presence of alkaline dust or other specific pollution
within the catchment. Due to the very small amount of
deposits accumulated in a reservoir in this phase of
exploitation, the processes occurring in them should
not affect pH of the water. The concentration of total
suspended solids was not too high in the analysed water.
Depending on the reservoir, it averaged from 13.9 (R4
and R5) to 27.4 mg·dm-3 (R1). The maximum concen-
tration was recorded in R1 in winter of 2017 (45.8
mg·dm-3). In the early phase of operation of the drainage
system, a large portion of suspensions was retained in
settlement wells of road drains. The lack of turbidity
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characteristic for the inflow of loess dust indicates a
good anti-erosion protection of the drained area and
sheer reservoirs made of earth. Although some authors
point to the affinity of suspensions and nutrients (Vaze
& Chiew, 2004; Wakida et al., 2014), no similar rela-
tionships were confirmed in the analysed objects. Other
authors’ research showed that the hazards from nutrients
flowing in rainwater from the road infrastructure are
relatively small (Gan et al., 2008). In reservoirs next to
the Lublin bypass, this rule applies only to three forms
of nitrogen—TN, NH4

+ and NO3
-. Average concentra-

tions of these variables ranged from 0.15 (NH4
+) to 1.40

mg·dm-3 (TN) (Table 3). Other biogenic indicators—
especially phosphorus—reached alarming values. In
one of the measurement dates (mid March 2017), TP
concentration was as high as 6.37 mg·dm-3 (R4). With
the reservoir volume of 2090 m3, the phosphorus reten-
tion was 13.3 kg. In 40% of water samples, TP signif-
icantly exceeded 1.00 mg·dm-3. Average concentrations
of PO4

3- in individual reservoirs were within 0.17–0.60
mg·dm-3. The maximum value of 1.63 mg·dm-3 was
recorded in autumn, 2016 (R2). In all reservoirs, an
increase of NO2

- concentration was observed in spring
of 2017 (0.72–0.82 mg·dm-3). High concentrations of
some nutrients in retained rainwater require great cau-
tion in their eventual discharge into natural receivers
(risk of eutrophication). It concerns particularly the res-
ervoirs located next to the valuable water and valley
ecosystems. Some of them are protected by law.

Concentration of dissolved oxygen (O2) in the exam-
ined water was maintained at a high level (on average
9.8 mg·dm-3), which is very beneficial in the context of
self-purification processes (Braskerud et al., 2005;
Juang et al., 2008). The highest average value was
recorded in R5 (11.3 mg·dm-3), the lowest in R1 (8.9
mg·dm-3). Despite quite good oxygen conditions BOD5

and COD reached dangerous levels (Dojlido, 1995). In
particular, it applies to the sealed reservoirs without
separators, where the average values of these variables
were 7.2 and 37.4 mg·dm-3. In R5, BOD5 exceeded in
all measurement dates 6.5 mg·dm-3 and COD 40
mg·dm-3. The highest BOD5 was recorded in R2 in
winter of 2017 (10.5 mg·dm-3). In R2 and R5 also
COD reached the maximum level—48 mg·dm-3.

Due to the difficulty in finding information on similar
facilities in the literature (retention reservoirs in the
second and third year of operation), the obtained results
were collated with the values of pollution in rainwater
runoffs and older (stabilised) reservoir systems
(Table 4).

3.2 Exploitation Stage of Reservoirs

The comparison of the data from 2016 and 2017 showed
that the same distributions of values of analysed features
exist only in the case of pH, suspension, O2 and PO4

3-

(Table 5). Rainwater collected in the system of roadside

Table 3 Characteristic values of basic indicators of rainwater quality in the reservoir system (R1-R5) next to the Lublin bypass

Variables Minimal value Maximum value Average Median Standard deviation Variation coefficient

Conductivity (μS·cm-1) 129.4 2719.0 1056.2 705.9 872.8 82.6

pH 6.4 9.7 7.4 7.1 0.9 12.6

Suspension (mg·dm-3) 2.9 45.8 20.1 15.6 14.2 70.3

O2 (mg·dm
-3) 6.1 12.9 9.8 10.7 2.2 22.8

BOD 5 (mg·dm-3) 1.7 10.5 5.8 4.9 2.4 41.3

CODCr (mg·dm-3) 11.0 48.0 29.4 27.5 12.9 43.9

TN (mg·dm-3) 0.40 2.90 1.40 1.25 0.6 43.7

NH4
+ (mg·dm-3) 0.01 0.32 0.15 0.15 0.1 69.3

NO3
- (mg·dm-3) 0.15 3.10 0.95 0.85 0.8 83.1

NO2
- (mg·dm-3) 0.03 0.82 0.28 0.13 0.3 106.6

TP (mg·dm-3) 0.09 6.37 1.43 0.57 1.8 123.2

PO4
3- (mg·dm-3) 0.02 1.63 0.36 0.25 0.4 112.8

K+ (mg·dm-3) 1.12 20.86 5.29 3.45 5.5 103.3

Cl- (mg·dm-3) 4.5 1155.0 365.8 215.5 386.7 105.7
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reservoirs was muchmore polluted in the second year of
research (third year of facilities operation).

NH4
+ is the only biogenic indicator whose av-

erage concentration was higher in 2016 than in
2017 (the difference was 54.4%). Much higher
conductivity values, NO3

-, NO2
-, TP and Cl- were

observed in the examined water in 2017 (average
values 161.0–1003.0%). In the case of other indi-
cators (BOD5, COD, TN and K+), differences were
in the range of 51.7–59.3%. In the second year of
research, the degree of contamination of conduc-
tivity (average 1783.6 μS·cm-1), BOD5 (average
7.1 mg·dm-3), COD (average 35.5 mg·dm-3), TP
(average 2.61 mg dm-3) and Cl- (659.8 mg dm-3)
increased dangerously. Major differences in rain-
water runoff quality between 2016 and 2017 result
from different weather conditions and gradual ac-
cumulation of pollutants in new facilities. In 2016,
relatively high rainfalls were observed (Table 1),
which resulted in larger surface runoffs and caused
dilution and leaching of accumulated pollutants
(Barbier et al., 2018; Lee et al., 2002). Unfortu-
nately, it is not possible to compare the changes of
retained rainwater quality in subsequent years with
literature data, because it is difficult to find scien-
tific articles about road drainage systems at such
an early stage of their operation.

3.3 Warm and Cold Half-Years

A characteristic feature of the temperate climate is the
occurrence of four seasons, which can be grouped in a
warm half-year (spring-summer) and a cold half-year
(autumn-winter). Each of these periods is characterized
by different weather conditions (Table 1), which in turn
may affect the quality of retained rainwater. In warm
half-year, particularly high variability was observed in
the case of NH4

+, NO3
-, PO4

3-, K+ and Cl-. In cold half-
year, there was large variety in suspension, TP and, like
in warm half-year, PO4

3-, K+ and Cl-. Based on the
assumed confidence level of 0.95 (α=0.05) and the
results of Mann-Whitney test, statistically significant
differences between the values of half of the indicators
examined in individual half-years were stated (Table 6).
It concerns primarily conductivity, O2, COD, NH4

+ and
NO2

-. In addition, the different distribution of NO3
- and

Cl- concentrations was found in the statistical test for
α=0.10.

In the analysed water, the highest electrolytic con-
ductivity was observed in cold half-year period (espe-
cially in winter). The average value reached a high
level—1293.5 μS·cm-1 (maximum 2719.0 μS·cm-1 in
R2). In warm half-year period, conductivity was 57.9%
lower and only in 20% of samples exceeded 1000.0
μS·cm-1 (R3 and R5). High conductivity in a cold

Table 4 Comparison of average values of pollution indicators in rainwater of the R1-R5 system (own studies) with levels of pollution in
exemplary rainwater runoffs and roadside rainwater reservoirs (literature data)

Variables Reservoirs Runoffs

Bypass (own studies) Highway (Le
Viol et al., 2009)

Highway (Gan
et al., 2008)

Road (Zhang
et al., 2013)

Major road
(Song et al., 2019)

Heavily travelled
catchment (Arora
& Reddy, 2015)

Conductivity (μS·cm-1) 1056.2 960.0 306.0 - - -

pH 7.4 8.2 7.2 8.2 - -

Suspension (mg·dm-3) 20.1 - 415.7 461.1 23.8 268.5

BOD 5 (mg·dm-3) 5.8 - 13.0 - - 33.5

COD (mg·dm-3) 29.4 - 308.0 163.2 - 324.7

TN (mg·dm-3) 1.40 - 7.32 4.74 1.14 -

NH4
+ (mg·dm-3) 0.15 - - 2.01 0.19 -

NO3
- (mg·dm-3) 0.95 4.23 15.44 8.85 2.30 -

NO2
- (mg·dm-3) 0.28 0.08 - - - -

TP (mg·dm-3) 1.43 - 0.39 - 0.05 0.80

PO4
3- (mg·dm-3) 0.36 0.59 0.02 - 0.03 -

Kjeldahl N (mg·dm-3) - - - - - 10.90

“-” no data
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half-year is associated with thaw runoffs, carrying with
them high loads of pollutants. The presence of snow
cover for a longer period of time conduces to the gradual
accumulation of subsequent portions of contaminants,
including substances to reduce road slipperiness
(Kuoppamäki et al., 2014; Ociepa et al., 2015). In De-
cember 2016 and January and February 2017, relatively
low air temperatures were recorded (Table 1) and road
icing appeared. As a result, it was necessary to use salt
(NaCl) more often to ensure traffic safety. In winter, the
highest content of Cl- in water sample was observed.
The maximum level of Cl- was recorded in R2—
1155.0 mg·dm-3. Taking into account the active
capacity of this reservoir, retention of Cl-

amounted to 1524.6 kg. The average concentration
of Cl- in R1-R5 reservoirs system was 56.4%
higher in a cold half-year than in a warm one.

In a cold half-year, favourable oxygen conditions in
water were observed. Average oxygen saturation in this
period was almost 50% higher in comparison with a
warm half-year and amounted to 11.6 mg·dm-3 (in all
dates the value of O2 exceeded 10.5 mg·dm-3). One of
the reasons for this phenomenon could be significant
temperature drops in autumn and winter, which favours
the increased natural solubility of O2 in water (Dojlido,
1995). The lowest concentration of O2 occurred in sum-
mer of 2016—it reached 6.1 mg·dm-3. In warm half-
year, there was also a higher average value of COD
(difference 27.1%). However, no significant difference
was found in BOD5 values between the analysed half-
years. In the case of deterioration of aerobic conditions
in warm season, the necessity of artificial oxygenation
using mechanical or chemical methods should be taken
into consideration (Imhoff & Imhoff, 2006).

Table 5 Characteristic values of basic indicators of rainwater quality in reservoirs next to the bypass in 2016 (1) (n = 20) and 2017 (2) (n =
20) (statistical significance of differences in quality variables was determined for the level α=0.05 – Mann-Whitney test)

Variables Year Minimal
value

Maximum
value

Average Percentage
difference

Standard
deviation

Variation
coefficient

Important
difference

Conductivity
(μS·cm-1)

1 129.4 498.7 328.9 +442.4 145.6 44.3 +
2 913.0 2719.0 1783.6 641.4 36.0

pH 1 6.4 9.2 7.3 +2.5 0.9 12.1 -
2 6.7 9.7 7.5 1.0 13.6

Suspension
(mg·dm-3)

1 6.1 41.7 24.4 −35.1 12.0 49.2 -
2 2.9 45.8 15.9 15.4 97.4

O2

(mg·dm-3)
1 6.1 12.1 9.3 +12.0 2.3 24.6 -
2 7.4 12.9 10.4 2.2 21.0

BOD 5

(mg·dm-3)
1 1.7 7.5 4.5 +55.5 1.7 36.7 +
2 3.4 10.5 7.1 2.4 34.1

CODCr

(mg·dm-3)
1 11.0 48.0 23.3 +52.4 12.8 54.7 +
2 18.0 48.0 35.5 10.3 29.0

TN
(mg·dm-3)

1 0.40 1.80 1.08 +59.3 0.4 34.9 +
2 1.00 2.90 1.72 0.6 37.8

NH4
+

(mg·dm-3)
1 0.01 0.32 0.20 −54.4 0.1 47.0 +
2 0.01 0.22 0.09 0.1 85.4

NO3
-

(mg·dm-3)
1 0.15 1.07 0.53 +161.0 0.3 62.6 +
2 0.44 3.10 1.37 0.9 65.5

NO2
-

(mg·dm-3)
1 0.06 0.16 0.11 +290,3 0.03 28.3 +
2 0.03 0.82 0.44 0.4 79.7

TP
(mg·dm-3)

1 0.09 0.61 0.24 +1003.0 0.2 71.4 +
2 0.53 6.37 2.61 1.8 69.9

PO4
3-

(mg·dm-3)
1 0.02 1.63 0.33 +14.1 0.5 145.9 -
2 0.04 1.10 0.38 0.3 85.0

K+

(mg·dm-3)
1 1.12 15.10 4.21 +51.7 4.9 117.6 +
2 1.65 20.86 6.38 6.0 94.1

Cl-

(mg·dm-3)
1 4.5 274.0 71.7 +820.1 81.3 113.4 +
2 203.0 1155.0 659.8 341.9 51.8
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In rainwater runoff in cold half-year, higher average
concentrations of NH4

+ and NO3
- were observed than in

water in warm half-year (Table 6). The differences were
75.0 and 68.0% consecutively. On the other hand, in
warm half-year, there was a significantly higher NO2

-

pollution (75.8%). The average values of TN and PO4
3-

were at a similar level in both half-years. Among the
mentioned nutrients, the biggest threat to natural water
receivers (eutrophication) were NO2

- (warm half-year),
TP and PO4

3- (both half-years).

3.4 Types of Reservoirs—Pre-treatment

Comparing reservoir systems without pre-treatment and
with pre-treatment (separator, settler), there are not as
many significant differences in rainwater runoff quality
as in the case of qualitative differences between succes-
sive years and half-years. In reservoirs without pre-
treatment, higher values of BOD5, COD (α=0.05), TN
and K+ (α=0.10) were recorded than in reservoirs pre-
ceded by pre-treatment devices. Differences in average
quantities of these variables were 32.2-66.9% (Table 7).

The presence of a separator and a settler before a
rainwater reservoir probably contributes to the reduction
in pollutants responsible for biochemical and chemical
oxygen demand. High values of BOD5 and COD oc-
curred in reservoirs without pre-treatment in winter and
spring of 2017. They amounted on average to 8.5 and
42.0 mg·dm-3. In the same period, the discussed indica-
tors reached the level of 6.1 and 31.0 mg·dm-3 in reser-
voirs with separators and settlers. The statistical test
showed the existence of similar distributions of suspen-
sion content in both reservoir systems. The obtained
results indicate that separators and settlers do not guar-
antee a significantly lower content of suspended sub-
stances in the collected water compared with systems
without pre-treatment. Another reason is the presence of
an internal source of these pollutions in some reservoirs.
The increase in the content of total suspension follows
behind pre-treatment devices—e.g. as a result of inten-
sive phytoplankton development (in warm half-year
there were signs of bloom) (Sarkar et al., 2014). During
the research period, no signs of erosive damage in the
reservoirs were found despite the high inclination of
their slopes. Well-developed grassy vegetation effec-
tively protects the surface affected by water. Separators
and settlers do not ensure a significantly lower chloride
level in retained rainwater either. The average concen-
tration of Cl- was even higher by 20.5% in reservoirs

with pre-treatment compared with reservoirs without
separators and settlers. With the exception of TN, no
significant differences in the concentration of nutrients
in both reservoir systems were found during the study.

In the reservoirs with pre-treatment, a significant
increase in the average values of conductivity, chlorides
and TP was noted in the second year of research (n = 12,
α = 0.05). The differences between the analysed years
amounted to 493.8, 782.9 and 1443.3%, respectively. In
2017, in reservoirs without settlers and separators, the
values of these indicators were higher by 377.9, 895.0
and 538.6% compared with 2016. Despite a larger per-
centage difference, the average chloride concentration in
reservoirs without pre-treatment was lower by 113.0
mg·dm-3 in 2017 compared with reservoirs with pre-
treatment. In both types of reservoirs, significantly
higher O2 concentration was recorded in cool half-years.
The differences between half-years were 36.4% (reser-
voirs without preliminary treatment) and 53.3% (reser-
voirs with preliminary treatment). In the rainwater col-
lected in reservoirs with pre-treatment, NO3

- (160.3%)
and NO2

- (73.1%) content also increased in cool half-
years.

3.5 Heavy Metals and Polycyclic Aromatic
Hydrocarbons

Single determination of heavy metals in rainwater of the
examined reservoirs showed at most a moderate load of
this type of pollutants. Concentrations of Cd and Pb did
not exceed the limit of quantification, amounting to
0.086 and 0.132 μg·dm-3 successively (Table 8). In all
measuring points, Zn achieved the highest values. The
average content of this metal in water was 7.74 μg·dm-3

with the maximum of 10.30 μg·dm-3 in R4. The average
concentrations of Cr, Cu and Ni were in the range of
2.00–2.80 μg·dm-3. Among detected metals, the highest
coefficient of variation was found in Ni (59.4%) and the
lowest in Cr (18.3%).

The average concentrations of Zn, Cu and Pb in the
examined water were usually many times smaller com-
pared with runoffs from routes described in the literature
(especially the first runoff phase) (Angrill et al., 2017;
Zhang et al., 2013). In rainwater outflows from a car
park, concentrations of metals can be as high as 70 (Cr)-
900 (Zn and Ni) times higher than in retained water in
the reservoirs next to the Lublin bypass (Newman et al.,
2013). It should be remembered that the analysed sys-
tem of rainwater management functions only a few
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years and heavy metal compounds are characterized by
high durability and cumulative capacity in the environ-
ment (Kabata-Pendias & Mukherjee, 2007; Zubala
et al., 2017). Gan et al. (2008) also showed great pollu-
tion of topsoil next to motorways, accompanied by a
significant increase in pH. For this reason, cyclical
monitoring observations should cover not only water
but also bottom sediments and areas adjacent to roads.

The particularly harmful pollutants include also poly-
cyclic aromatic hydrocarbons (PAHs). In examined water,
its contents were within 0.004 (benzo(k)fluoranthene)-
0.037 μg·dm-3 (fluoranthene). The variability of concen-
tration remained on an average level and was similar for
most hydrocarbons. The coefficient of variation ranged
from 34.8 (benzo(g,h , i )perylene) to 50.5%

(benzo(a)pyrene) (Table 8). The highest degree of contam-
ination characterized water in R1 with the sum of PAHs
amounting to 0.146μg·dm-3, and the smallest R5, inwhich
only fluoranthene (0.027 μg·dm-3) was detected. In both
reservoirs there is no pre-treatment using separators and
settlers. The highest percentages in rainwater pollution had
fluoranthene and benzo(g,h,i)perylene. They reached ap-
proximately 50%. In reservoirs preceded by separators and
settlers, higher contents of four out of six analyzed hydro-
carbons were found, compared with reservoirs without
pre-treatment.

It is difficult to refer the obtained results to few data
in the literature, as each scientific paper included differ-
ent types or amounts of PAHs. They are often presented
as general hydrocarbons bound to solid particles. It was

Table 6 Characteristic values of basic indicators of rainwater
quality in reservoirs next to the bypass in the warm (1) (n = 20)
and cold (2) half-year period (n = 20) (statistical significance of

differences in quality variables were determined for the level
α=0.05 – Mann-Whitney test)

Variables Half-
year

Minimal
value

Maximum
value

Average Percentage
difference

Standard
deviation

Variation
coefficient

Important
difference

Conductivity
(μS·cm-1)

1 129.4 1956.0 819.0 +57.9 634.7 77.5 +
2 147.8 2719.0 1293.5 1039.4 80.4

pH 1 6.5 9.7 7.7 −7.5 1.0 13.4 -
2 6.4 8.9 7.1 0.8 10.9

Suspension
(mg·dm-3)

1 10.3 41.3 24.9 −38.2 11.0 44.1 -
2 2.9 45.8 15.4 15.9 103.3

O2

(mg·dm-3)
1 6.1 11.5 8.0 +46.0 1.5 19.4 +
2 10.7 12.9 11.6 0.9 7.3

BOD 5

(mg·dm-3)
1 3.0 9.5 5.4 +15.6 2.0 37.7 -
2 1.7 10.5 6.2 2.8 44.3

CODCr

(mg·dm-3)
1 17.0 48.0 34.0 −27.1 12.0 35.3 +
2 11.0 43.0 24.8 12.6 51.0

TN
(mg·dm-3)

1 0.40 2.90 1.47 −9.5 0.8 55.1 -
2 0.70 1.80 1.33 0.4 26.5

NH4
+

(mg·dm-3)
1 0.01 0.31 0.11 +75.0 0.1 108.5 +
2 0.10 0.32 0.19 0.1 37.4

NO3
-

(mg·dm-3)
1 0.15 2.65 0.71 +68.0 0.7 105.1 -

(+ α=0.10)2 0.39 3.10 1.19 0.8 66.8

NO2
-

(mg·dm-3)
1 0.08 0.82 0.45 −75.8 0.3 76.9 +
2 0.03 0.23 0.11 0.1 52.5

TP
(mg·dm-3)

1 0.09 2.02 0.90 +116.8 0.8 89.2 -
2 0.14 6.37 1.95 2.3 117.4

PO4
3-

(mg·dm-3)
1 0.02 1.10 0.35 +6.6 0.3 99.4 -
2 0.04 1.63 0.37 0.5 128.5

K+

(mg·dm-3)
1 1.16 15.10 4.52 +34.4 5.0 110.4 -
2 1.12 20.86 6.07 6.1 100.1

Cl-

(mg·dm-3)
1 5.6 1000.0 285.3 +56.4 329.2 115.4 -

(+ α=0.10)2 4.5 1155.0 446.2 439.2 98.4
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Table 7 Characteristic values of basic indicators of rainwater quality in reservoirs without pre-treatment (1) (n = 16) and with pre-treatment
(2) (n = 24) (statistical significance of differences in quality variables was determined for the level α=0.05 – Mann-Whitney test)

Variables Res.
type

Minimal
value

Maximum
value

Average Percentage
difference

Standard
deviation

Variation
coefficient

Important
difference

Conductivity
(μS·cm-1)

1 129.4 2301.0 1054.2 +0.3 828.6 78.6 -
2 143.1 2719.0 1057.6 937.5 88.6

pH 1 6.5 9.7 7.4 −1.1 1.3 17.2 -
2 6.4 8.9 7.3 0.7 9.2

Suspension
(mg·dm-3)

1 3.7 45.8 20.6 −4.0 13.1 63.4 -
2 2.9 41.7 19.8 15.4 77.8

O2

(mg·dm-3)
1 6.1 12.9 10.1 −4.5 2.3 23.0 -
2 6.3 12.8 9.6 2.3 23.6

BOD 5

(mg·dm-3)
1 4.4 9.5 7.2 −32.2 1.9 26.9 +
2 1.7 10.5 4.9 2.3 46.8

CODCr

(mg·dm-3)
1 12.0 48.0 37.4 −35.6 11.9 31.8 +
2 11.0 48.0 24.1 11.0 45.6

TN
(mg·dm-3)

1 1.10 2.90 1.76 −34.3 0.7 40.5 -
(+ α=0.10)2 0.40 1.80 1.16 0.4 35.0

NH4
+

(mg·dm-3)
1 0.04 0.31 0.16 −12.0 0.1 60.1 -
2 0.01 0.32 0.14 0.1 78.6

NO3
-

(mg·dm-3)
1 0.23 2.65 0.84 +21.9 0.8 97.3 -
2 0.15 3.10 1.02 0.8 78.0

NO2
-

(mg·dm-3)
1 0.03 0.82 0.28 −1.8 0.3 116.7 -
2 0.07 0.76 0.28 0.3 104.6

TP
(mg·dm-3)

1 0.21 3.10 1.05 +59.1 1.1 102.3 -
2 0.09 6.37 1.67 2.1 125.6

PO4
3-

(mg·dm-3)
1 0.07 1.10 0.39 −13.0 0.4 94.0 -
2 0.02 1.63 0.34 0.4 131.0

K+

(mg·dm-3)
1 1.43 20.86 8.85 −66.9 7.2 81.6 -

(+ α=0.10)2 1.12 7.07 2.92 1.8 61.2

Cl-

(mg·dm-3)
1 5.6 747.0 325.8 +20.5 333.1 102.3 -
2 4.5 1155.0 392.4 430.9 109.8

Table 8 Characteristic values of heavy metals and polycyclic aromatic hydrocarbons in the rainwater reservoir system (R1-R5)

Variables
(μg·dm-3)

Minimal value Maximum value Average Median Standard deviation Variation coefficient

Cr 2.31 3.52 2.80 2.55 0.51 18.3

Zn 5.85 10.30 7.74 7.77 1.77 22.9

Cd < 0.086 < 0.086 < 0.086 < 0.086 - -

Cu 1.82 3.14 2.49 2.30 0.53 21.4

Pb < 0.132 < 0.132 < 0.132 < 0.132 - -

Ni 1.16 4.09 2.00 1.67 1.19 59.4

Fluoranthene 0.012 0.037 0.022 0.019 0.010 48.5

Benzo(b)fluoranthene 0.011 0.028 0.019 0.018 0.008 45.1

Benzo(k)fluoranthene 0.004 0.011 0.008 0.008 0.004 48.7

Benzo(a)pyrene 0.008 0.021 0.012 0.010 0.006 50.5

Benzo(g,h,i)perylene 0.014 0.035 0.026 0.028 0.009 34.8

Indeno(1,2,3-cd)pyrene 0.006 0.014 0.010 0.010 0.004 40.8
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found, among other things, that a greater amount of
hydrocarbon pollution is contained in rainwater flowing
from urbanized areas (Ngabe et al., 2000). The increase
in pollution is more related to overloading and car traffic
jams than intensity of road traffic. Frequent braking and
acceleration conduce to the release of PAHs into the
environment (abrasion of tires, exhaust gases) (Liu et al.,
2016). It also applies to some heavy metals (Budai &
Clement, 2018). Currently, on the Lublin bypass, traffic
flows smoothly and its intensity is much smaller than
planned, which is why pollutants such as PAHs or trace
elements should not pose a large threat.

4 Conclusions

The conducted research showed high variability of
rainwater runoff quality from the bypass in the
early phase of exploitation of the drainage system
(second and third year of functioning of retention
reservoirs). In system R1-R5, NO2

-, TP, PO4
3-, K+

and Cl- (above 100%) were characterized by sig-
nificant differences in concentration. In the major-
ity of measurement dates, retained rainwater was
of poor quality. Indicators lowering the quality
were mainly conductivity, BOD5, COD, NO2

-, TP
and Cl-. An increase in conductivity was always
accompanied by an increase in Cl- concentration.
Very high salinity of rainwater runoff could dis-
turb the functioning of freshwater ecosystems dur-
ing their uncontrolled discharge into the environ-
ment. Among nutrients, TP posed the biggest
threat. High levels of salt and phosphorus require
great caution in the final management of rainwater
(threat of salinization and eutrophication). This
concerns particularly areas located near valuable
water and valley ecosystems under legal protec-
tion. It is worth encouraging road administrators
in the rational use of salt—including the selection
of appropriate doses to prevailing conditions, as
well as mechanical removal of snow from shoul-
ders. Retained rainwater was much more polluted
in the second year of research (third year of func-
tioning). This applied particularly to conductivity,
NO3

-, NO2
-, TP and Cl-. Depending on the indi-

cator, differences ranged from 161 (NO3
-) to

1003% (TP). Large differences between successive
years may result from different weather conditions
(high precipitation and dilution in 2016) and

gradual accumulation of pollutants in new reser-
voirs. Rainwater runoff in a cold half-year had
higher conductivity, O2, NH4

+, NO3
- and Cl- in

relation to a warm half-year. In the second case,
higher COD and NO2

- values were recorded. High
conductivity and Cl- in a cold half-year is associ-
ated with thaw runoffs, carrying with them high
loads of contaminants (including anti-snow slipper-
iness agents). In reservoirs without pre-treatment,
there were recorded only higher oxygen demand
(BOD5 and COD) and higher pollution by TN and
K+ than in reservoirs preceded by separators and
settlers. However, differences in average amounts
of these variables were not high. Due to slight
differences in the quality of retained water in
reservoirs with and without preliminary treatment,
in the future, thorough analyses of the efficiency
of settlers and separators and the legitimacy of
their use in road rainwater harvesting systems
should be carried out. Heavy metals and PAHs
burdened rainwater reservoirs to a small degree.
However, these components are known for their
high durability and the ability to accumulate in
the environment. They can effectively pollute areas
adjacent to roads. Therefore, in a further part of
the research, the monitoring of bottom sediments
and areas adjacent to the bypass should addition-
ally be taken into account.
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