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aBstract: In this paper, the Pilica River catchment (central Poland) is analyzed with a focus on understanding the total 
phosphorous transfer along the river system which also contains the large artificial Sulejów Reservoir. The paper presents a 
GIS method for estimating the total phosphorous (TP) load from proxy data representing sub-catchment land use and cen-
sus data. The modelled load of TP is compared to the actual transfer of TP in the Pilica River system. The results shows that 
the metrics of connectivity between river system and dwelling areas as well as settlement density in the sub-catchments are 
useful predictors of the total phosphorous load. The presence of a large reservoir in the middle course of the river can dis-
rupt nutrient transport along a river continuum by trapping and retaining suspended sediment and its associated TP load.  
Analysis of the indirect estimation of TP loads with the GIS analysis can be useful for identifying beneficial reservoir 
locations in a catchment. The study has shown that the Sulejów Reservoir has been located in a subcatchment with a 
largest load of the TP, and this feature helps determine the problem of reservoir eutrphication.
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Introduction

For the estimation of the total phosphorous 
load propagation in the catchment, there exist 
many methods starting from hydrological de-
terministic models to empirical regression for-
mulas. In this paper we propose the use of a GIS 
approach which makes possible evaluation the 
potential load of the nutrients related to point 

sources at the sub-catchment scale and trace the 
load down the river system.

Anthropogenically derived pollutants, espe-
cially nutrients such as phosphorus and nitro-
gen, cause spatial variations in riverine nutrient 
export (Bricker et al. 2007, Russell et al. 2008, Kie-
drzyńska and Zalewski 2012, Izydorczyk et al. 
2013, Kiedrzyńska et al. 2014). Based on an eco-
hydrologic approach, we believe that many re-
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gional scale catchments and valley characteristics 
affect local hydrology, transport, and sediment 
yields on floodplains (Magnuszewski et al. 2005, 
Altinakar et al. 2006, Magnuszewski et al. 2007, 
Kiedrzyńska et al., 2008a), surface and ground-
water quality (Kiedrzyńska et al. 2008b), habitat 
features, and aquatic biota (Frissell et al. 1986, Al-
lan and Johnson 1997).

In addition to natural processes, nutrients 
originate from from both point sources and dif-
fuse sources. The first type is related to urban and 
industrial areas, while the second is primarily re-
lated to agricultural practices. There is a growing 
need to understand the origin and propagation 
of nutrients at the catchment scale. The spatial 
and temporal complexity of catchment process-
es makes it difficult to obtain hydrologic meas-
urements and observations at every spatial scale. 
However, monitoring programs can be opti-
mized on the basis of a thorough understanding 
of catchment properties and processes, usually at 
the sub-catchment scale.

Today, the assessment of catchment condi-
tions mostly is based on digital maps and remote 
sensing data which have become available in na-
tional databases. Large volumes of spatial data 
are processed with the use of geographical infor-
mation systems and related technologies. Studies 
of the relationship between anthropogenic activ-
ity and catchment properties are usually focused 
on land use. Hetling et al. (1999) have presented 
an approach in which the input-output of nutri-
ent loads has been used as an explanatory var-
iable in the study of 10 large catchments in the 
USA. They found that during the 1970s, large dis-
charges of wastewater were the dominant source 
of phosphorus (P) in the analyzed catchments. 
This was linked to the inclusion of P in soaps and 
detergents that began in the late 1940s (removal 
of P from these product formulations began in 
the 1980s).

In an extensive study of the relationship be-
tween river chemistry and catchment proper-
ties, performed by the U.S. Geological Survey 
under the National Water Quality Assessment 
(NAWQA) Program, it was found that intensive 
agriculture has an undoubtedly strong effect on 
the river chemistry. However, the most substan-
tial impacts have been from human activities, 
measured as a percent of urbanization and popu-

lation density which exert a significant influence 
on sediment associated chemical concentrations 
(Horowitz and Stephens 2008).

For contemporary water management policies, 
there is an increasing need to monitor the state of 
river at scales appropriate to management actions. 
This approach has been adopted as part of the Eu-
ropean Union Water Framework Directive (WFD 
2000/60/EC) which established an approach for 
Community Action in the field of water policy 
with the goal of achieving a ‘good ecological sta-
tus’ for aquatic ecosystems by 2015. This approach 
also has been implemented in the U.S. Environ-
mental Monitoring and Assessment Program 
(EMAP), and the Australian River Assessment 
System (AUSRIVAS) (Norris et al. 2007). Further, 
in the Baltic Sea region, the need to reduce riverine 
loads of phosphorus and nitrogen compounds as 
well as hazardous substances, is expressed in the 
Baltic Sea Action Plan (BSAP 2007).

Measurements of the relation between TP 
loads and river run-off volume (H) in Poland 
shows that between 1999–2009 there has been an 
overall decline in TP loads; however, after 2003, 
the level stabilized – with the exception of the ex-
tremely wet year 2010 (Fig. 1).

Sapek (2008) explained that TP this pattern of 
TP decrease resulted from the intensive develop-
ment of wastewater treatment plants (WWTPs), 
and the growing number of P-stripping installa-
tions. In Poland, there still remains a major need 
for water quality improvement in urban areas, 
Based on 2005 data, 75% of the volume of mu-

Fig. 1. River runoff and nutrients supplying Baltic Sea from 
Poland’s territory in the period 1990-2010, H – river run-off 
[km3], TN – total nitrogen, and TP – total phosphorous [ton 
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nicipal wastewater in Poland was produced by 
the 198 largest cities (National Council of Water 
Management for 2005).

The example of main features of landscape 
development in a regional scale of Wielkopolska 
with reference to socio-economic conditions and 
the processes of energy and matter flow in agro-
ecosystems has been shown by Mizgajski (2007). 
In Poland, estimates of the nutrients sources and 
sinks indicate that about 211,000 t yr–1 of P are 
applied through agricultural practices whereas 
only about 55,000 t yr–1 are sold in produce. This 
indicates that the pool of agricultural P only is 
reduced by some 26% through the sale of food 
which in large proportion, supplies the P in ur-
ban areas. The final amount of P reaching the 
Baltic Sea comprises only about 5% of the initial 
mass of P supplied by Polish agriculture (Sapek 
2010).

A simple division of P sources into point and 
diffuse categories is not very clear in the cas-
es of scattered settlements and poor sewerage 
programs. In Poland, according to 2009 census 
data, water supply and wastewater purification 
systems in urban and rural population show a 
disproportionate distribution. In urban areas, 
84% of the population has access to municipal 
water supplies and wastewater treatment facili-
ties, while only 23% of the rural population has 
access to wastewater treatment plants. This dif-
ference still exists despite the fact that between 
2005–2009, 26.3 × 103 km of sewage pipelines were 
added in the cities and 18.1 × 103 km in rural ar-
eas. Hence, progress in sanitation in rural areas 
is spectacular in comparison with 1995 (Table 1).

By 2015, plans call for the connection of an ad-
ditional 4.6 × 106 people in rural areas to munic-
ipal sewerage systems. That amounts to around 
30% of the whole rural population. Even so, some 
5% of the urban population and 20% of the ru-
ral population will still be living in low standard 
housing that is not equipped with toilet facilities 
(Błaszczyk et al. 2011). Another factor is the dif-
fuse settlement pattern in rural areas that makes 
the cost of building sewerage systems uneco-
nomical. And, according to existing regulations, 
there is no obligation to connect a house to a new-
ly installed municipal sewerage system. The high 
cost of adding connecting lines to municipal sew-
erage systems is an especially important aspect in 

areas of sparse settlement. Similar problems were 
reported by Jarvie et al. (2006) in the UK, where 
measures to reduce P inputs to rivers currently 
focus on reducing concentrations by the tertiary 
treatment (P-stripping) of effluents from large 
WWTPs that serve major urban centers. They 
believe that while P-stripping from these larger 
WWTPs may substantially reduce SRP (soluble 
reactive phosphorus) concentrations in river wa-
ter, large fluxes of P are expected to remain in the 
catchment due to the cumulative impact of the 
large numbers of small WWTPs upstream.

Materials and methods

The Pilica River is the largest left-bank tribu-
tary to the middle reach of the Vistula River, and 
it is 342 km long, with a catchment area of 9,258 
km2. The catchment is located in central Poland, 
with the terrain elevation in the range 90–497 m 
above sea level. In the 1970s, in the middle course 
of the Pilica River (between 137 and 153 km of the 
river chainage) a large artificial lake – the Sulejów 
Reservoir – was installed. It has a length 15.5 km, 
a maximum width of 2.1 km, a surface area of 22 
km2, and a total storage capacity 77.6 million m3. 
Long term average river inflow to the reservoir 
comes from the Pilica River (Q=22.8 m3 s–1) and 
the tributary Luciąża River (Q=4.41 m3 s–1); the 
mean water retention time is 33 days. The amount 
of sediment deposition in the reservoir has been 
estimated as 0.1 × 106 m3 annually (IMGW 2008). 
The Sulejów Reservoir suffers from significant 
eutrophication due to the supply of nutrient 

Table 1. Use of the main sewerage systems in Poland 
years 1995–2009 (PCSO 2010)

Year

Urban 
population 

using 
sewerage 
systems

Rural 
population 

using 
sewerage 
systems 

Length of the 
main sewerage 

systems 

[%] [km]
1995 82.1 3.1 5,359
2000 83.0 10.8 16,222
2005 84.5 20.4 36,821
2007 85.0 23.8 43,536
2008 85.5 25.7 46,943
2009 85.8 26.9 50,454
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compounds from both point and nonpoint (dif-
fuse) sources. A particularly difficult problem for 
water managers has been the massive blooms of 
toxic algae (specifically cyanobacteria) which of-
ten occur in the summer (Tarczyńska et al. 2001, 
Izydorczyk et al. 2005).

Six monitoring points have been established at 
Przedbórz, Sulejów, Smardzewice, Spała, Nowe 
Miasto, and Białobrzegi to measure water and 
nutrient concentrations/fluxes (Fig. 2). For the 
Sulejów Reservoir there is a special interest in the 
station Smardzewice, which is located on the Pil-

Fig. 2. General land cover and location of the monitoring points and sub-catchments in the Pilica River basin (central Poland)
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ica River reach below the dam. The hydrological 
information from the monitoring profiles comes 
from a network of hydrological gauges which 
are operated by the Institute of Meteorology and 
Water Management.

Water samples were collected over a one 
year period at the monitoring sites (between 19 
May 2010 and 19 May 2011), every four days (90 
samplings at each station, 540 samplings for all 
stations). Total phosphorus (TP) was analysed 
in unfiltered water samples by the addition of 
the oxidizing decomposition reagent Oxisolv 
(Merck) using a Merck MV 500 Microwave Di-
gestion System and was determined by the ascor-
bic acid method (Greenberg et al. 1992).

Locations of WWTPs have been described by 
their WGS-84 geographical coordinates and ex-
pressed as a point with assigned attributes. That 
makes it possible to calculate the spatial char-
acteristics related to WWTPs in sub-catchments 
units. The location of the WWTPs together with 
the volume of water they process is shown in Fig-
ure 3. The largest WWTP is located in Piotrków 
Trybunalski (having population of about 76,000 
citizens), a city producing 14,500 m3 of treated 
wastewater per day (Kiedrzyńska et al. 2014). 
The wastewater contains 55 kg of TP and 1,170 kg 

of TN. Other large WWTPs are located in the cit-
ies of Tomaszów Mazowiecki (65,000 of citizens), 
and Warka (11,000 of citizen) (Fig. 3).

Kiedrzyńska et al. (2012) and Kiedrzyńska et 
al. (2014) have shown that the efficiency of sewage 
purification depends on the size of the WWTP. 
Small installations in the Pilica catchment release 
water with higher nutrient concentrations than 
the bigger and better equipped facilities. During 
low flow periods, the highest concentrations of 
TP (5.12 mg dm3) were observed at the outlet of 
the smallest WWTP. The volume of sewage water 
processed by different WWTPs in the sub-catch-
ment boundaries, and the ratio of sewage volume 
to river run-off is provided in Table 2.

The boundaries of the Pilica River sub-catch-
ments have been extracted from a Nation-
al Hydrographic Map of Poland. The map 
 CORINE-2006 was used to obtain the information 
on the sub-catchment land cover. Cartographic 
analysis was performed using the Ilwis 3.3 pro-
gram. Three land classes, expressed as a relative 
percent of land cover, have been calculated for 
each of the sub-catchments located between the 
monitoring sites (Table 3). The large proportion 
of lakes in the Smardzewice sub-catchment is 
due to the Sulejów Reservoir. The Smardzewice 

Table 2. Volume of processed wastewater by the different WWTPs and its share in the river run-off 
in the subcatchments (Kiedrzyńska et al. 2014)

Name of moni-
toring profile

Volume of processed waste water by different WWTPs [m3 yr–1] Percent of waste-
water in the river 

total outflowIndustrial Municipal Domestic Total

Przedbórz 572,910 1,679,042 121,357 2,373,309 0.26
Sulejów 9,524 1,012,988 160,562 1,183,074 0.07
Smardzewice 115,046 5,691,703 85,143 5,891,892 0.38
Spała 425,428 3,960,698 249,577 4,635,703 0.28
Nowe Miasto 45,051 91,529 14,372 150,952 0.01
Białobrzegi 380,208 2,663,677 92,557 3,136,442 0.14
Total 1,555,534 16,062,373 723,968 18,341,875 0.19

Table 3. Characteristic of the Pilica River sub-catchments land cover between individual monitoring profiles 
(calculated from CORINE–2006 and PGI 2007 data)

Name of monitoring 
profile

Area
[km2]

Lakes
[%]

Forest
[%]

Urbanisation
[%]

Floodplain area
[%]

Przedbórz 2,545.2 0.11 34.73 1.72 2.68
Sulejów 1,390.5 0.08 50.25 2.03 6.65
Smardzewice 997.5 2.36 28.45 5.64 0.43
Spała 1,034.1 0.07 25.68 8.57 3.32
Nowe Miasto 745.0 0.15 40.94 3.07 3.43
Białobrzegi 1,943.7 0.13 18.45 3.03 7.55
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and Spała sub-catchments, located in the central 
reach of the Pilica River, display relatively high 
levels of urbanization. Vast forest complexes 
are characteristic of Sulejów and Nowe Miasto 

sub-catchments. The area of the sub-catchments 
floodplains was calculated from a map of poten-
tial flooding prepared by the Polish Geological 
Institute (PGI 2007). The very small percentage 

Fig. 3. Location and volume of wastewater outflows from municipal WWTPs in the Pilica River sub-catchments in 2010
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of floodplain in the Smardzewice sub-catchment 
is due to the presence of the Sulejów Reservoir.

An overview of the relationship between the 
basin characteristics and nutrient losses has been 
done in the project EUROHARP, the river sys-
tem’s phosphorus concentration is explained in 
major parts by the rain intensity and discharges 
from agglomerations (Bouraoui et al. 2009). To 
avoid the influence of the catchment size on the 
relationship between catchment properties and 
nutrients flux, the independent and dependent 
variables should be relative. For this reason, we 
selected settlement density as a measure of an-
thropogenic impact at the catchment scale. This 
was calculated by dividing the number of people 
living in the catchment (obtained from the census 
records for the lowest administrative unit – gmi-
na) by the catchment’s area.

An important feature for nutrient flow is a 
measure of the connectivity between the source 
and the river network. The buffer zone map 
with the 10 m divisions has been calculated 
from the hydrographic vector map. Then the 
CORINE-2006 map with the classes 1.1 (dwell-
ings) has been crossed with the buffer zone map. 
This map has been divided into sub-catchment 
boundaries, providing the average distance of a 
dwelling to the river network.

The potential load of the annual anthropogen-
ic TP can be estimated (by an indirect method 
in GIS) as proportional to the number of people 
living in a given catchment. There is a wide lit-
erature on TP load estimation, and methods can 
vary from a single nutrient export coefficients to 
complex catchment models. In this study, a nutri-
ent export coefficient value of 0.67 kg TP person–1 
yr–1 was used after Pieterse et al. (2003). Simi-
lar coefficient values have been obtained in the 
study on Rhine (0.63 kg TP person–1 yr–1) and Elbe 
(0.72 kg TP person–1 yr–1 ) (de Wit 2000).

Results and discussion

The population density is highest in the cen-
tral part of the Pilica River catchment (Fig. 4). It 
grows from the Przedbórz sub-catchment (122 
person km–2) to the Smardzewice sub-catchment 
(297 person km–2), and then decreases down-
stream.

The average distance between a dwelling and 
the river network in the Pilica River is inversely 
related to population density (Fig. 4, 5). An ex-
ception is the Spała sub-catchment, where there 
is a relatively long distance between a dwelling 
and the river network (1,947 m), while at the 
same time the population density is relatively 
high (226 person km–2).

A comparison between the estimated and 
measured TP loads is shown in Figure 6. The es-
timated annual TP load increased downstream 
in the river from 210 ton TP in Przedbórz to 930 
ton TP in Białobrzegi. This pattern also is reflect-
ed in the measured values. An exception is the 
decrease of measured TP load between the mon-
itoring points in Sulejów (385 ton TP yr–1) and 
Smardzewice (305 ton TP yr–1) which are separat-
ed by the Sulejów Reservoir. This indicates pro-
cess of P trapping in the Sulejów Reservoir. From 
the Smardzewice sub-catchment downstream, 
the measured TP loads are lower than the esti-
mated TP loads (Fig. 6).

Fig. 4. Population density in the Pilica River sub-catchments

Fig. 5. Distance of the dwelling to the river network in the 
Pilica River sub-catchments obtained from CORINE–2006 

and hydrographic buffer zone maps
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The results from both GIS analysis and moni-
toring shows that the Sulejów Reservoir has been 
located in a subcatchment with the largest load 
of the TP; this feature determines the problem of 
reservoir eutrophication.

The aim of the study was to test an indirect 
GIS method used to estimate the magnitude 
and distribution of the total phosphorus load 
in a lowland river catchment augmented with 
a large water reservoir. The method is based on 
the eco-sociological characteristics of sub-catch-
ments obtained from GIS data analysis. The re-
sults for TP obtained from GIS estimation at the 
sub-catchment level have been validated by the 
comparison with actual (measured) data from 
monitoring points.

The nutrient export derived from point and 
diffuse sources has scalar properties, meaning 
that there is a relationship between the magnitude 
of the source(s) and their generating processes. 
Wickham, Wade (2002) show that nutrient ex-
port coefficients multiplied by the area of a giv-
en land-cover class make it possible to estimate 
the nutrient load contributed by that land-cover 
class. Beaulac, Reckhow (1982) provide a concep-
tual basis for using the distributions of nutrient 
export coefficients stratified by land-cover class. 
Currently, the standard approach is to apply GIS 
analysis where phosphorus and nitrogen export 
coefficients are assigned to land-cover categories, 
and then aggregated across sub-catchments and 
broader geographic regions.

Sewerage systems are connected to the 
WWTPs which discharge the wastewater to the 
river network. These outlets can be easily located 
and monitored, since the amount of inflow and 
the properties of the water leaving the facilities 
are known. The outlets from the wastewater 
treatment plants can be mapped as “red points”, 
showing the magnitude of the nutrient loads.

However, individual dwellings do not need 
an allowance, so the location and volume of sew-
age remains unknown. One possible approach is 
a GIS analysis where the total number of dwell-
ings that were not connected to wastewater treat-
ment plants within a region was multiplied by 
the average nutrient load per dwelling (Pieterse 
et al. 2003). However, there are also are some 
catchment properties which can complicate the 
simple scalar properties. These include: (1) nutri-
ent loads are transformed by natural self-purifi-
cation processes before reaching the outlet of the 
catchment or receiving water body; (2) the den-
sity of impervious surfaces is important for run-
off generation and sediments transport (Arnold, 
Gibbons, 1996); (3) the pathway of nutrient fluxes 
is controlled by the spatial pattern of land-cover 
in the watershed (Jones et al. 2001).

To understand the mechanisms of nonpoint 
nutrient sources it is important to specify good 
diagnostic variables which describe both physi-
ographic conditions and the nature of anthropo-
genic activity in the catchment. The study of non-
point sources by Clapham et al. (1999) has shown 

Fig. 6. Measured TP load in the period between 19 May 2010 and 19 May 2011 (Kiedrzyńska et al. 2014) and estimated TP 
load in monitoring points along the Pilica River located in the individual sub-catchments
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that the variables describing catchment response 
to rainfall, such as precipitation characteristics, 
soil cover, and slope gradient, are weakly corre-
lated with the nutrient loads at the mouth of the 
catchment. They show that good indices of an-
thropogenic activity are: land-use characteristics, 
population density, and air quality.

The results of this analysis show that the 
Smardzewice sub-catchment, due to its high 
population density and good connectivity be-
tween dwellings and the river network, has the 
highest potential for producing and adding TP to 
the Pilica River. A distinctive feature of the TP 
distribution down the Pilica River continuum is 
the decline in TP after passing through the Sule-
jów Reservoir. This is caused by the deposition 
of suspended sediment and its associated phos-
phorus in the reservoir (Urbaniak et al. 2012), and 
also as a result of the biological uptake of P. That 
function of the Sulejów Reservoir also has been 
described by Wagner, Zalewski (2000).
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