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Abstract

The purpose of the study is to determine the quantity of
wastewater entering the Gulf of Gdansk, which is part of the Baltic
Sea. The study area consists of small river catchments in the city
of Sopot, which lies along the Gulf.

The research also aims to determine wastewater release volumes
over time, instead of focusing only on spatial distributions.
Another aim is to identify main determinants potentially affecting
water quality in rivers flowing across the city of Sopot. Land use is
also considered as a factor. The study area consists of seven small
river catchments in the city of Sopot, each with an open flow
channel. The study period was 2014 — 2015. Laboratory tests
were performed to determine the concentration of both total
nitrogen and total phosphorus. Other metrics in the study
included pH, specific conductivity, water temperature, dissolved
oxygen content, and suspended matter content. Discharge was
also measured for each studied river. Comparisons were then
made with local meteorological data. Research has shown that
none of the 6 studied rivers experienced concentrations of total
nitrogen above the norm accepted in Poland for Class 1 water
quality (5 mg'dm3). Mean annual values ranged from 0.60 to 1.28
mg'dm=3. The Class 1 norm for phosphorus (0.2 mg:dm3) was
also not exceeded in the case of total phosphorus in any of the 6
studied rivers. Phosphorus values ranged from 0.066 to 0.1
mg-dm-3. The annual load supplied by all 6 rivers in the Sopot city
area during the study period was 4,295.9 kg for total nitrogen and
370.2 kg for total phosphorus. For the purpose of comparison, the
load supplied by Poland as a whole in the year 2012 was:
210,768,000 kg total nitrogen, and 15,269,000 kg total
phosphorus. In summary, the 6 small rivers discussed in this
paper contribute 0.002% of the biogenic load supplied to the
Baltic Sea by Poland as a whole.

Keywords: city of Sopot, the Bay of Gdarisk, small river,
pollution, load, urban catchment

Introduction

Small river catchments serve as key contributors
of pollution reaching marine bodies of water. The
water quality in such catchments is often poor in
terms of water chemistry and various physical
attributes. This is often due to the location of small
catchments in urban areas where the number of
potential sources of pollution is very large (Smol,
2008). This source of pollution is often omitted in
large-scale evaluations of marine water chemistry
due to a lack of water monitoring systems in small
river catchments. It is often assumed that small
catchments are largely irrelevant in overall marine
water chemistry. This may not be the case. An

Rezumat. Debite de apa poluate si deversate in Golful
Gdansk de bazine hidrografice mici, in orasul de
coasta Sopot

Scopul studiului este determinarea cantitativa a apelor uzate care
intrd in Golful Gdansk - parte din Marea Baltica. Zona de studiu este
formata din bazine hidrografice mici in orasul Sopot, acesta se
intinde de-a lungul golfului. Cercetarea urmareste, de asemenea,
pentru a determina in timp, volumele de apa uzate deversate si nu
pe distributiile spatiale. Un alt scop este acela de a identifica factorii
determinanti principali care pot afecta calitatea apei in rauri care se
varsa in dreptul orasului Sopot. Utilizarea terenului este considerata
factor determinat. Zona de studiu este format din sapte bazine
hidrografice mici, in orasul Sopot, fiecare cu un canal de curgere
deschis. Perioada de studiu a fost 2014 - 2015. Testele de laborator
au fost efectuate pentru a determina concentratia atat a azotului
total, cat si a fosforului total. Alte masuratori incluse in studiu: pH,
conductivitate specifica, temperatura apei, continutul de oxigen
dizolvat si continutul de substante in suspensie. Pentru fiecare rau
studiat au fost mdsurate debite de apd. Au fost realizate si
comparatii cu date meteorologice locale. Cercetarile au ardtat ca nici
unul dintre cele 6 studiate raurile au prezentat concentratii de azot
total peste norma acceptata in Polonia pentru clasa 1 de calitate a
apei (5 mg-dm3). Valorile medii anuale a variat 0.60-1.28 mg-dm?.
Clasa 1 norma pentru fosfor (0,2 mg-dm3), nu a fost depdsitd in
cazul fosfor total in oricare dintre cele 6 raurile studiate. Valorile
fosforului au variat 0.066-0.1 mg-dm=. Cantitatea anuald tranzitata
de cele 6 rauri din zona orasului Sopot, in timpul perioadei de studiu
a fost de 4.295,9 kg pentru azot total si 370,2 kg pentru fosfor total.
In scop comparativ, continutul furnizat de Polonia in ansambluy, in
anul 2012 a fost: 210.768.000 kg de azot total, si 15.269.000 kg
fosfor total. In final, cele 6 rauri analizate in lucrare contribuie in
ansamblu, cu 0,002% din masa biogenica furnizatd la Marea Baltica
de cétre Polonia.

Cuvinte-cheie: orasul Sopot, Golful Gdarisk, réu mic, poluare,
debite solide, bazin hidrografic urban

assertion of this type may be true of one river or
stream, but if the number of rivers and streams is
larger, then these small sources of pollution do
become important. This is especially true of biogenic
ions, which is well-illustrated by the situation in the
Bay of Gdansk. The catchment of the Bay is
dominated by the Vistula River in terms of
geographic size and the quantity of water supplied.
However, other watercourses directly feeding the
Bay including the ones analyzed in this paper (rivers
and streams in the city of Sopot) deliver more than
1/8 of all the water reaching the Bay. This is a
substantial quantity of water (Cyberski, 1997).
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The Bay of Gdansk is a body of water
experiencing strong human impact. The primary
source of pollution in the Bay is water from the
Vistula River, with atmospheric precipitation and
influx from urban areas serving as additional
sources. The three main urban areas in this region
are the cities of Gdansk, Gdynia, and Sopot, also
known as the TriCity. The total nitrogen load
supplied by the Vistula to the Bay is 118,000 tons
per year (on average), which is 15% of the total
nitrogen influx into the Bay. The river’'s total
phosphorus load is 7,000 tons per year, which is
19% of the total phosphorus influx into the Bay.
Urban pollutants also reach the Bay mainly via urban
watercourses,  wastewater  systems,  coastal
shipyards, seaport operations, and the region’s
petrochemical industry (Andrulewicz & Witek, 2002).
The increase in pollution increases the load of
mineral materials accelerating the eutrophication of
water. This problem grows in magnitude in line with
the intensification of agriculture, urbanization,
industrialization, water recreation and water sports,
vehicular traffic, and changes in catchment land use.

The study attempted to determine the size of the
pollutant load reaching the Bay of Gdansk from the
coastal city of Sopot. The hypothesis in the study is
the following: there exists a relationship between
land use in the city of Sopot and the pollutant load
carried by watercourses, while the pollutant load
varies seasonally.

The study sought to determine not just spatial
changes in the form of load size based on
geography, but also changes over time, which is
very important in the context of the 2007 HELCOM
Action Plan adopted by countries bordering the
Baltic Sea as well as the European Union in which
the purpose is to help improve the ecological quality
of the Baltic Sea. In the Plan, the main goal is to

reduce the quantity of nutrients reaching the Baltic
Sea by 70% (phosphorus) and 33% (nitrogen)
(Brusendororff & Ostojski, 2008).

Sopot is one of Poland’s best known recreational
cities found on the Bay of Gdansk. It is crisscrossed
by 12 watercourses collecting rainwater from the
moraine hills surrounding the city. Water quality in
these watercourses varies depending on the variants
of urban pollution encountered along the way to the
Bay. This sometimes leads to beach closures and
bathing area closures (Robakiewicz, 2006). The local
government began a reconstruction program in the
last decade designed to help eliminate all potential
sources of water pollution in the area. The program
consists of the reconstruction of the local water and
sewer system as well as the construction of
collection vessels funneling polluted water far into
the Bay of Gdansk.

Materials and methods

Methods

The study area consists of the catchment area of
seven streams flowing via uncovered channels
across the coastal city of Sopot: Swelina, Kamienny
Stream, Grodowy Stream, Babidolski Stream,
Haffnera Stream. The study area also includes a
catchment of drainage ditches in Northern Park (Fig.
1). The study was carried out in 2014 — 2015. The
primary work effort consisted of fieldwork. Gauging
sites were established in order to collect water
samples for laboratory analysis. Discharge was also
measured. Gauging sites on streams were
established at easily accessible locations at the end
of each designated section of each stream channel
(open channel). Figure 1 shows the location of
gauging sites. Stream discharge was measured
using an electromagnetic gauge made by Valleport.
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Fig. 1: Study area and location of gauging sites
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Measurements were performed monthly at
selected gauging sites using Valleport and other
types of gauges (multi-parameter HQ30 and HQ40
made by Hach). The following types of
measurements were performed: pH, oxygen
content, electrolytic conductivity, suspended matter
(total), water temperature.

All laboratory analysis was performed at the
Department of Hydrology at the University of
Gdansk. The resulting data consisted of the
concentrations of total nitrogen and total
phosphorus. A Nova 400 spectrophotometer made
by Merck was used for each determination.
Unpublished reports were also reviewed at the Road
and Park Authority (Department of Rainwater
Collection and Drainage) in Sopot and the Institute
of Meteorology and Water Management in the
neighboring city of Gdynia.

Characteristics of the study area

The study area is part of the Baltic Sea’s direct
catchment area. A characteristic feature of this area is
the occurrence of numerous short watercourses
draining the local uplands and flowing into the Bay of

Gdansk. Valleys in the Sopot area and depressions in
area moraine hills are home to spring areas yielding
12 natural watercourses (permanent) and a number
of seasonal watercourses. In addition to the studied
watercourses listed in the Methods Section, the city of
Sopot is also home to several other streams:
Graniczny, Karlikowski, Srodkowy, Bohateréw Monte
Cassino, Kuzniczy (Fig. 1). The total length of all
streams in Sopot is 16.2 km, with 27% of this length
being in the form of open channels. Among the 6
studied rivers the 4,4 km of watercourses flow
underground and 5,2 km flow uncovered.

Also, it is important that uncovered sections of
streams are located in the natural green areas of the
catchments.

Table 1 shows watercourse sections divided into
open and closed as well as the surface area of
selected watercourses.

The length of the studied watercourses varies
from a mere 0.4 km (drainage ditches) to 2.9 km
(Kamienny Stream). Catchment surface areas vary
from 0.11 sq. km (Grodowy Stream) to 3.2 sg. km
(Kamienny Stream) (Table 1).

Table 1: Length of studied watercourses and catchment surface area

Name of The length of the trough (km) Catchment area
river covered uncovered total (sq. km)
Swelina 0.2 2.4 2.6 3.16
Drainage ditches 0.0 0.4 0.4 0.23
Kamienny 1.7 1.2 2.9 3.20
Babidolski 0.7 0.8 1.5 0.77
Grodowy 0.5 0.2 0.7 0.11
Haffnera 1.3 0.2 1.5 0.40

The city of Sopot is also home to 11 retention
ponds and scenic ponds - areas used for recreation
(see Tab. 2). Most of the ponds are located along
stream channels and are designed to help mitigate
the effects of heavy rainfall. The two largest ponds
are called Staw Obodrzycow and Stawy Miynskie —
each with a capacity of 3,220 m3. Scenic ponds
include Morskie Oko and Stawowie. Most of the
surface ponds are open bodies of water, except for
ponds called Babidolskiego and 23 Marca. These two
ponds are underground ponds.

Sopot’s storm drainage system (70 km long) is
linked directly with streams in the city. In the past,
these streams were recharged mostly by drainage
water and groundwater flowing down from the local
uplands. At the present time, the primary source of
recharge is water flow from the city’s rainwater
collection system. As rain falls in the city, it washes
out pollutants that make their way via local streams

to the Bay of Gdansk. This process used to cause
closures of coastal bathing areas just a few years
ago. Water quality norms were often exceeded,
which forced such closures.

In 2008 the local government initiated a project
called “Funneling Sopot stream water far into the
Bay of Gdansk.” This is part of a European Union
project promoting the cross-border protection of
coastal waters in the Baltic Sea. The project is partly
funded by an EU operating program called
“Infrastructure and the Environment.”

Land use in the study area was divided into the
following categories:

- green areas such as forests, patches of
woodland, parks, meadows, grassy areas, organized
green areas such as city squares and lawns as well
as grass-surface sports facilities, so-called
community gardens, cemeteries, beaches, surface
waters, and unused areas;
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- built-up areas such as residential areas, service
areas, warehouse areas, and industrial areas;

- areas with a hard surface such as parking lots,
asphalt roads, and pedestrian walkways.

Figure 2 shows the percentage share of each
type of land use in the studied catchment. The
predominant land use type in each studied
catchment is green areas ranging from 54.7% for
Grodowy Stream to 96.4% for Swelina. The studied
catchments vary significantly in terms of built-up
area coverage from a mere 2.1% in the Swelina
catchment to 27.3% in the Grodowy Stream
catchment. The percentage share of areas with a
hard surface is the smallest in all the studied
catchments, although exact percentages vary
substantially from 1.5% in the Swelina catchment to
18.0% in the Grodowy Stream catchment.

100 - . . .
87 86 22 v 10|

90 i 18 =
70

50

40

30

10

Swelina Drainage Kamienny Potok Potok Potok Potok
ditches Potok Babidolski  Grodowy Haffnera Bezimienny

" Green areas ¥ Built-up areas " Areas with paved runways

Fig. 2: Land use distribution (%) for the studied
catchments

Results and discussions

Investigated streams characterized by good
oxygen conditions throughout the study period. The
mean annual degree of oxygen saturation of water
in the studied watercourses is shown in Figure 3.

97,2%

|

Grodowy Haffnera

100%
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90,4% 90,3%
80%
62%
60%
40%
20%
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Swelina Ditches Kamienny Babidolski

Fig. 3. Mean dissolved oxygen saturation rate for
the studied watercourses

No cases of saturation below 62% were noted in
this study. All saturation degrees ranged from 62%
(drainage ditches) to 97.2% (Haffnera Stream).
According to the requirements of the European
Union’s Water Framework Directive (2000) as well

as rules of Polish Law on the classification of water
quality in uniform sections of surface waters, water
in a Class I stream should possess a dissolved
oxygen concentration equal to or greater than 7
mg'dm-3. Class II stream water is characterized by
an oxygen concentration range from 5 to 7 mg'dm-3
(Resolution of Poland’s Minister of the Environment
dated August 20, 2008, Journal of Laws No. 162,
Item 1008).

The oxygen concentration in Swelinia, Kamienny
Stream, Babidolski, Grodowy, and Haffnera streams
exceeded 7 mg'dm3 throughout the study period.
Seasonal changes in water temperature were also
noted. In the warmer months, the concentration of
dissolved oxygen was around 10 mg'dm3, while in
the cooler months, it reached 13.5 mg'dm3. The
lowest dissolved oxygen content values were noted
for drainage ditches in Northern Park. The average
for the study area in the study period was 6.2
mg-dm3. The lowest value was noted in August at
3.49 mg-dm-3,

Water in the studied streams was slightly basic in
the study period, but still within the normal pH
range for surface waters. The lowest mean pH of
7.63 was recorded in Grodowy Stream. The highest
pH of 8.47 was recorded for Haffnera Stream (Fig.
4). The mean value of electrolytic conductivity
ranged from 301 puS:cm™ in Grodowy Stream to 692
uS:'cm™ in drainage ditches in Northern Park (Fig.
5). All calculated values were found to be within the
interval for natural waters.
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Fig. 4. Mean water pH in the studied watercourses
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Fig. 5. Mean electrolytic conductivity in the studied
watercourses

Total suspended matter content in Class I surface
water should not exceed 25 mg-dm3, while the
value for Class II water should not exceed 50
mg'dm3 (Resolution of Poland’s Minister of the
Environment, Journal of Laws No. 162, Item 1008).

Figure 6 shows the mean concentration of total
suspended matter in the studied watercourses. In
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three instances, Class I water quality threshold values
were exceeded: drainage ditches, Northern Park (38
mg-dm-3), Grodowy Stream (25.4 mg-dm3).

38
243 22,7 254
19,8 19,6
20
15
10
5
0

Swelina Ditches Kaienny Babidolski Grodowy Haffnera

[mgedm?]

Fig. 6. Mean concentration of total suspended
matter in the studied watercourses

In the remaining watercourses, total suspended
matter content ranged from 19.6 mg'dm=3 (Haffnera

Stream) to 24.3 mg-dm3 (Kamienny Stream) (Fig.
6).

The study focused on two biogenic ions —
nitrogen and phosphorus. Both ions are vital to the
existence and development of living organisms.
However, an excess of both in water ecosystems
leads to a process known as eutrophication (Volk et
al., 2008). Sources of nitrogen in surface waters
include urban wastewater, industrial wastewater,
surface runoff from catchment areas, and
atmospheric  precipitation ~ (Destouni,  2006).
According to Polish Law on inland surface water
quality, Class I water should not possess an
instantaneous total nitrogen content in excess of 5
mg'dm3 (Resolution of Poland’s Minister of the
Environment, Journal of Laws No. 162, Item 1008).
Table 2 below shows the instantaneous
concentration of nitrogen in the studied
watercourses on the day of measurement.

Table 2. Instantaneous concentration of total nitrogen (mg*dm-3) in the studied watercourses in Sopot

River
Date Swelina Ditches Kamienny Babidolski Grodowy Haffnera
04.03. 1.26 1.78 1.26 - - 2.10
04.04. 0.85 1.03 1.10 - - 1.92
06.05. 0.72 1.14 0.70 1.10 - 1.47
03.06. 0.65 0.98 0.52 1.15 0.70 1.63
08.07. 1.08 0.95 1.08 1.28 1.40 1.75
05.08. 0.80 1.15 0.65 0.87 0.30 0.88
02.09. 0.20 0.20 1.10 0.41 0.20 0.45
03.10. 0.27 0.88 1.42 0.48 0.20 0.30
07.11. 0.71 1.71 1.12 1.11 1.70 1.28
04.12 0.20 0.20 0.69 0.20 0.57 0.97
08.01. 0.21 0.22 1.20 0.20 0.98 1.53
12.02. 0.32 1.89 2.02 0.94 1.20 1.02

Research has shown that total nitrogen content
in all of the studied watercourses did not exceed
norms established by Polish Law for Class I water
quality (5 mg-dm3).

The range of variance for instantaneous
concentrations for the studied watercourses was
ranging from 0.20 to 1.26 mg'dm= for Swelina
Stream, from 0.20 to 1.89 mg'dm= for drainage
ditches, from 0.20 to 1.28 mg dm for Babidolski
Stream, and from 0.20 to 1.40 mg'dm-3 for Grodowy
Stream.

The nitrogen range for Kamienny Stream was
somewhat different — from 0.52 to 2.02 mg-dm?=.
Somewhat higher nitrogen content was also noted
for Haffnera Stream - ranging from 0.30 to 2.10
mg-dm?,

The nitrogen concentration varied substantially
from season to season for each given watercourse.
There does not exist a single overarching trend in
total nitrogen content.

The second examined ion in this study was
phosphorus, which reaches surface waters in the
form of organic and inorganic compounds (Abel,
1989).

Some of the phosphorus comes from the
dissolution and weathering of certain phosphate-
containing minerals, residential  wastewater,
industrial  wastewater, surface runoff, and
atmospheric precipitation. Phosphorus found in
aqueous ecosystems is often derived from the
decomposition of organic matter.

According to Polish Law on surface water quality,
the concentration of total phosphorus in Class I
waters should not exceed the value of 0.2 mg/ml
(Resolution of Poland’s Minister of the Environment,
Journal of Laws No. 162, Item 1008).

Table 3 shows the concentration of total
phosphorus in the studied watercourses for
consecutive days of measurement.
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Table 3. Instantaneous concentrations of total phosphorus (mg/ml) in the studied watercourses in

Sopot
River
Date . . . . . .
Swelina Swelina Swelina Swelina Swelina Swelina

04.03. 0.062 0.051 0.063 - - 0.074
04.04. 0.084 0.068 0.102 - - 0.098
06.05. 0.061 0.036 0.048 0.129 - 0.063
03.06. 0.087 0.078 0.068 0.104 0.047 0.087
08.07. 0.111 0.241 0.104 0.081 0.054 0.112
05.08. 0.094 0.172 0.095 0.095 0.059 0.065
02.09. 0.124 0.085 0.063 0.086 0.065 0.094
03.10. 0.087 0.031 0.200 0.020 0.029 0.052
07.11. 0.038 0.172 0.097 0.101 0.089 0.093
04.12 0.052 0.191 0.012 0.092 0.101 0.115
08.01. 0.053 0.051 0.063 0.049 0.176 0.074
12.02. 0.056 0.068 0.041 0.032 0.166 0.066

The phosphorus concentration did not exceed
the Polish norm for Class I waters in any of the
studied watercourses (0.2 mg'dm3). The mean
value ranged from 0.066 mg-dm= for Babidolski
Stream and Grodowy Stream to 0.1 mg'dm™ for
drainage ditches. Minimum values and maximum
values for each given watercourse were similar.

The overall minimum value was noted for
Kamienny Stream at 0.012 mg'dm3, while the

overall maximum was noted for drainage ditches
(0.241 mg*dm-3).

The annual load supplied by all watercourses in
the city of Sopot for the study period was 4,295.9
kg for total nitrogen and 370.2 kg for total
phosphorus. Research has shown that the largest
nitrogen and phosphorus loads from the Sopot
urban area are supplied to the Bay of Gdansk by
Kamienny Stream (Figs. 7, 8).
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Fig. 7. Annual load of total nitrogen supplied by
selected watercourses in Sopot

By comparison, the load supplied by the entire
territory of Poland in 2012 was 210,768,000 kg of
total nitrogen and 15,269,000 kg of total
phosphorus.

The studied watercourses provide about 0.002%
of the biogenic mass that is supplied to the Baltic
Sea from Poland’s territory as a whole.

Seasonal changes in the nitrogen load and
phosphorus load in watercourses have been studied
by a number of different researchers (Galicka et al.,
1991; Silva and Williams, 2001).

Research has shown that larger loads of nitrogen
can be detected in the winter months. This
relationship was less clear in the case of
phosphorus. In some cases, no seasonal variances
in the phosphorus load could be found but in a
study on other rivers in the coastal area of the Baltic

Fig. 8. Annual load of total phosphorus supplied by
selected watercourses in Sopot

Sea, Bogdanowicz (2004) was able to show that in
the case of the nitrogen load, seasonal changes can
be detected and also does not suggest seasonal
variability in total phosphorus content.

In the watercourses examined in this particular
study, the nitrogen load increased between
December and April and in some cases May. This
period was followed a decrease in the total nitrogen
concentration.

No discernible seasonal pattern was detected for
pollutants found in watercourses in the city of Sopot.
Figure 9 shows the total nitrogen load in the studied
watercourses divided into selected months and
seasons of the year.

In addition, Figure 10 shows instantaneous loads
of total phosphorus.
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Fig. 9. Seasonal differences in the instantaneous
load of total nitrogen in the examined
watercourses

The largest instantaneous total nitrogen load
values for Swelina Stream and Haffnera Stream
were noted in the spring. The peak for Swelina
occurred in March (0.04 gvs!), while in Haffnera
Stream in  April  (0.07 g's!). The lowest
instantaneous total nitrogen load in both
watercourses was measured in the autumn: (1)
Swelina — 0.003 g's? in September, (2) Haffnera
Stream — 0.01 g's™ in October. The lowest pollutant
concentration in Grodowy Stream (0.002 g's!) was
detected in September, while the largest
concentration was detected in the month of
November (0.05 g's™'). The largest instantaneous
nitrogen load in Kamienny Stream was noted in
February (0.08 g's?). The smallest total nitrogen
load (0.02 g's) was noted in June and August.
Babidolski Stream was detected to transport the
smallest quantity of total nitrogen in the winter. The
December and January instantaneous nitrogen loads
stood at 0.005 gvs!, while the largest load (0.03
g's!) was noted in May, July, and October. The total
nitrogen load in drainage ditches was quite small

throughout the study period, while the load
maximum  (0.004 g's') occurred in March,
November, and February.

The largest instantaneous phosphorus load

values for Babidolski and Haffnera streams were
detected in the spring — in May in Babidolski Stream
and in April in Haffnera Stream. In both cases, the
value was about 0.003 g-s™ (Fig. 11 left).

The total phosphorus load in the two streams did
not vary to a substantial degree during the remaining
seasons of the year. The largest amount of total
phosphorus transported by Grodowy Stream was
noted in the winter and in the month of November
(approx. 0.002 g's). In the remaining months of the
year, the value was about 0.0007 g-s™.

The smallest instantaneous phosphorus loads for
Swelina and Kamienny Stream streams were noted
in the winter.

In other seasons of the year, Swelina Stream
transported a similar load of about 0.002 g's. The

largest instantaneous total phosphorus load was
noted in Kamienny Stream in October (0.01 g's™).
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Fig. 10. Seasonal differences in the instantaneous
load of total phosphorus in the examined
watercourses

Discussion

The degree of river water pollution depends on a
variety of different factors. The most important of
these factors is believed to be catchment land use
(Silva et al., 2001). In the case of urban catchments
with no surface runoff from agricultural land, water
pollution levels are determined primarily by the
following:

- human-related sources of pollution;

- pollution sources with a hard surface;

- green urban areas protected with pesticides;

- growth and decomposition of plants in aqueous
ecosystems.

In addition, the decomposition of organic matter
leads to an increase in the phosphorus and nitrogen
concentration in aqueous environments (Chatterjee,
2009).

Land use was analyzed as part of this study in
order to produce a three-group land use
classification:

(1) green areas;

(2) built-up areas;

(3) areas with a hard surface.

Figure 11 show the land use structure for the
studied catchments. Land use is divided into the
groups mentioned earlier, and green areas are
further divided into natural green areas and green
areas established by local residents including
“community gardens” and cemeteries. Pollution
levels are given for each catchment analyzed.

The Grodowy Stream catchment possesses the
largest share of areas with a hard surface (18%). It
is also the catchment with the largest share of built-
up areas (27.3%). It is ranked fifth in terms of the
pollutant load relative to the other studied
watercourses. Pollutant values in Grodowy Stream
are as follows: (1) total nitrogen — 526 kg, (2) total
phosphorus — 52.5 kg. The largest share of
anthropogenic green areas is found in the Babidolski
Stream catchment at 48.3%. This catchment yields
the third largest total nitrogen load (767.1 kg) and
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the second largest total phosphorus load (77.3 kg)
in the studied area. The largest share of natural
green areas (77.5%) is found in the Swelina
catchment, which is also the catchment with the
largest total share of green areas (96.4%) in the
study sample.

The Swelina catchment is the fourth largest
source of total nitrogen (605.6 kg) and the second
largest source of total phosphorus (70.8 kg). The
largest annual load of total nitrogen (1,382.2 kg)
and total phosphorus (105.4 kg) was noted in the
Kamienny Stream catchment.

g
[NB¥]

Swelina

Ditches Kamienny Babidolski Grodowy Haffnera

- Yearly load [kg] B Natural green areas

B Built-up areas

Il Green antropogenic
Areas with paved runways

The smallest load of total nitrogen (66.5 kg) and
total phosphorus (4.7 kg) was determined in
drainage ditches in Northern Park. These
catchments are characterized by similar land use. In
addition, the surface area of areas with a hard
surface is 8.7% in the drainage ditch catchment and
8.6% in the Kamienny Stream catchment.

The surface area of anthropogenic green areas is
18% in both cases. Moreover, the surface area of
built-up areas is 7.6% larger in the drainage ditch
catchment, while the surface area of areas with a
hard surface is 7.7% smaller than in the Kamienny
Stream catchment.
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Fig. 11: Annual total nitrogen (left) and phosphorus (right) loads versus catchment land use

Research has shown that there exists no
relationship between the pollution load in each of
the studied watercourses and land use in each
corresponding catchment.

The contribution made by small catchments to
pollution in the coastal areas of seas is still an area
in need of deeper analysis and remains
characterized by significant changes over the course
of the hydrologic year. The indicators used in this
study - including nitrogen and phosphorus
concentrations — were found to be low in the dry
season, with values increasing rapidly during periods
of rainfall.

Moreover, this may result in an increase in
vegetation that causes higher concentrations of
biogenic matter in surface waters. Pollution was
observed mostly in water samples obtained from
surface runoff, which serves as the primary process
of pollution in urban areas (Nicolau et al. 2006).

According to work by Robakiewicz (2006), the
first 15 minutes of rainfall leads to a worsening of
water quality in surface waters, which may be
explained in terms of a “cleaning” of the city of
pollution by rainwater. However, Liu et al. (2011)
assert that pollution is much greater in the dry
season than in the course of atmospheric
precipitation. The data collected in this study do not
make it possible to unequivocally assert that either
the dry season or wet season is predominantly
responsible for the release of pollution into
watercourses in the city of Sopot.

The distribution of pollutants in the course of the
year appears to be fairly uniform, which may be
associated with the built-up nature of the study area
surrounding the studied watercourses.

Research by Takao et al. (2001) has shown that
in the case of a semi-enclosed bay (i.e. Omura Bay),
it is not direct human impact or river inflows that
determine the total phosphorus load reaching the
bay, but the influx of water from a local wastewater
treatment plant. In this particular case, about 90%
of the phosphorus load came from the treatment
facility. However, this special case does not apply to
the city of Sopot and Bay of Gdansk, as the area
does not have a wastewater treatment plant, and
water collection vessels lead wastewater from the
city area far into the Bay of Gdansk — about 300
meters away from the coastline.

According to Ludwig et al. (2009), rivers flowing
into the Mediterranean Sea as well as Black Sea
funnel only a limited quantity of biogenic ions into
each body of marine water. This is especially true of
phosphorus. The primary source of biogenic ions in
these cases was surface runoff arriving from
agricultural areas that utilize fertilizer. This appears
to be correct, but what is important is the size of the
river affecting the given marine body of water.
Other important features are  hydrologic
characteristics of the studied rivers and the marine
body of water as well as the rate of organic material
delivery (Arreola-Lizarraga et al., 2016).
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It is also important to search for other sources of
pollution. According to Polkowska et al. (2001), such
sources may include local roads and large motorways.
However, in the case of Sopot, these types of sources
seem to be not very relevant. Yet another local
source of pollution is the local trash storage and
processing facility (Fitzgerald et al., 2015).

It is important to note that the principal
determinant of eutrophication in coastal areas is the
number of nutrient components (N, P, Si) funneled into
the sea by large river systems as well as the
equilibrium between these components (Billen et al.,
2007). This is important, as the Baltic Sea is one of the
largest brackish seas in the world, while its topography
and link with the North Sea limit the exchange of water
with the Atlantic Ocean. Hence, any nutrients
introduced into the Baltic Sea may linger there for up
to 30 years (Neumann, 2007). In effect, elevated
concentrations of nutrients in urban watercourses
especially that of phosphorus, may lead to
eutrophication and a general decline in water quality.

Some watercourses may arise in groundwater
aquifers whose elevated nutrient levels may be
associated with coastal areas and the urban
environment (Fitzgerald et al., 2015). Coastal lakes are
also an important feature of the landscape and may
serve as a sort of natural filter that accumulates part of
the biogenic ion load moving down rivers that flow
through these lakes (Janczak & Niemirycz, 2011).

Large quantities of nitrogen in land ecosystems
resulting from human impact have led to a
worsening of water quality on a regional scale, but
are not included in the local analysis of water
pollution. According to Zhang et al. (2015), the
concentration of ammonium nitrogen in urban rivers
is 3 to 5 times larger than that in rivers in a given
region. Consequently, urban rivers have become a
center of local water pollution.

In the studied streams measured physico-
chemical parameters of water indicated that the
type of land use does not affect the considerable
water pollution mainly because a large percentage
of watercourses are covered. Underground flow of
watercourses significantly limits the surface flow of
pollution from the catchment.

Conclusion

The hypothesis in the paper assumes that there
exists a relationship between land use and the
pollutant load in watercourses in the city of Sopot —
and the pollutant load fluctuates seasonally.
Research results in this study do not provide any
basis for this type of conclusion. The reasons for this
may include the following:

- lack of major sources of pollution (e.g. trash
storage facility) in the studied catchment; main

sources of pollution are local roads and large
motorways;

- half of the studied watercourses flow underground
(52%);

- pollution filters and separation vessels at sites
where precipitation water meets wastewater;

- short watercourses and small catchment size — the
largest annual load of total nitrogen and total
phosphorus detected in the watercourse with the
largest catchment area;

- lack of seasonal variability in the pollutant load
caused by the small mass of the biogenic
substances transported by watercourses.

Sopot is a tourist city with a lot of recreational
options. It is attractive mainly because of its close
proximity to the beach and bathing areas along the
Bay of Gdansk. This is why the city has been
focused for years on maintaining good water quality
in the Bay. Steps taken by the city in order to
promote economic development are also positively
impacting the state of the natural environment in
the region.

The pollutant load originating in the city of
Sopot may be described as small. The mass of
pollutants supplied via the studied watercourses
during the study period was the following: 4,295.9
kg (total nitrogen), 370.2 kg (total phosphorus). For
comparison, the pollutant load arriving from across
all of Poland’s territory in 2012 was the following:
210,768,000 kg (total nitrogen), 15,269,000 kg
(total phosphorus). The pollutant load supplied by
the studied watercourses stands at about 0.002% of
the total pollutant mass supplied to the Baltic Sea by
the entire territory of Poland.

The instantaneous concentration of total nitrogen
and total phosphorus in the studied watercourses
never exceeded levels permitted for Class I surface
waters based on Polish Law. Given the small size of
the pollutant load supplied to the Bay of Gdansk by
the study area, a relationship between watercourse
pollutant load size and local land use was not
observed.

The provision of an attractive tourist environment
in coastal cities and towns is merely one good
reason for introducing limits on pollutant release into
the Bay of Gdansk as well as the Baltic Sea as a
whole. Policies adopted by the city of Sopot may
serve as an example for other cities and towns in
Poland.
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