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Abstract: The aim of this work is to evaluate core variables of the ecological potential of the Sulejów
Reservoir (temperature distribution, flow velocities, and concentrations of selected indicators, e.g.,
phosphates, nitrates, the abundance of phytoplankton) using a three-dimensional hydrodynamic
model, GEMSS-HDM (generalized environmental modeling system for surface waters), coupled
with a water quality model, WASP EUTRO (GEMSS-WQM). The monitoring data necessary to build
the model were obtained from two multiparameter probes that were submerged in two locations in
the Sulejów Reservoir. An ADCP current profiler was used to collect data for hydrodynamic model
calibration and verification. Total error between computed and measured velocity was estimated at
10–15%. A high concentration of chlorophyll-a during the vegetation season of 2015 (0.02 mg/L) was
coupled with high water temperature (above 25 ◦C) and low concentrations of biogenic compounds
(phosphorus and nitrogen at 0.02 and 0.001 mg/L, respectively). In 2015, NO3-N was the limiting
nutrient in the Sulejów Reservoir. Maximum growth of algae was observed in June and July 2015
(0.02 mg/L chla) along the entire length of the reservoir; algae bloom volume reduction was observed
in September (0.004 mg/L chla). Proposed scenarios for nutrient reduction—50% reduction of
phosphate-phosphorus (PO4-P) and nitrate-nitrogen (NO3-N) from agriculture areas as well as 50%
reduction of discharges from septic tanks—led to a considerable reduction of nutrient concentrations
in the reservoir waters; it additionally favors reducing the concentration of chlorophyll-a. The
obtained results indicate that these sources of pollutants are mainly responsible for the poor water
quality status of the reservoir and more intensive eutrophication phenomena.

Keywords: modeling of water quality; dam reservoir; eutrophication; GEMSS model

1. Introduction

Low water quality limits the possibility of its utilization for particular purposes,
including the needs of industry, tourism, and supplying the population with water for con-
sumption, which generates additional costs for entire sectors of the national economy [1–3].

The growing intensity of eutrophication and the specificity and dynamics of this
process in various types of waters require the adoption of integrated actions to improve the
status of the aquatic environment. Comprehensive analysis of the indicated issues requires
a multidisciplinary approach, in which (besides the basic techniques of environmental en-
gineering) modern methods of mathematical and computer techniques must be used [4–8].
Simulation and control of water quality require the use of advanced mathematical and
numerical methods as well as high-performance computing [9–11].

The application of mathematical modeling techniques to water quality problems has
proved to be a powerful instrument in water resource management. As a diagnostic tool,
it permits the abstraction of highly complex real conditions [12–15]. As a predictive tool,
mathematical modeling permits the forecasting and evaluation of the effects of changes in
the surrounding environment on water quality. Although engineering insight and political
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and socioeconomic concerns play important roles in water resource management, some
water quality problems are of such a highly complex nature that the predictive capability
of mathematical models provides the only real means for screening the myriad number of
management alternatives [16].

The accuracy of environmental assessment using models depends on the understand-
ing of processes that occur in the environment and the appropriate choice of mathematical
equations that describe them. On the other hand, it depends on available datasets, namely,
results of the measurement of water quality indicators, on which the estimation of the
parameters and coefficients of the model is based [17].

In the last four decades, significant efforts have been expended in developing mathe-
matical models to predict the eutrophic status of natural and man-made water bodies as a
function of nutrient inputs [18–23]. The objective of water quality modeling is to study the
characteristics of both spatial and temporal distribution of water quality variables under
different conditions and various external factors (e.g., light extinction in the water column,
temperature) and the biochemical kinetics of nutrients [24–30].

In order to control algal blooms more effectively, hydrodynamics should be studied
and correlated with nutrient dynamics and phytoplankton growth [31,32]. Hydrodynamic
characteristics, such as residence time of water, surface circulation pattern, and turbulent
mixing, have been reported as important features for maintaining the quality of surface
water bodies [33–38].

Water quality models have made influential progress—from a single factor of water
quality to multiple factors, from steady-state models to dynamic models, from point-
source models to the coupling models of point and nonpoint sources, and from zero-
dimensional models (input–output models that contain no information on hydrodynamics,
only the assumption that the water body is well mixed) to one-dimensional models (1D
steady-state models determining that water quality only occurs along the longitudinal
profile of the watercourse, e.g., the Streeter–Phelps model, QUASAR, QUAL [4,8,39]),
two-dimensional models (longitudinal–vertical models, e.g., CE-QUAL [8]) and three-
dimensional models (which examine the spatial distribution of concentrations of simulated
water-quality parameters and integrate modules for the simulation of hydrodynamics,
water quality, and sediment processes, e.g., WASP, MIKE, GEMSS, DELFT [40–43]).

Several authors have studied the effect of discharge of nutrients in water bodies that
cause eutrophication [44–46]. Voinov and Tonkikh [47] presented a model for eutrophi-
cation in macrophyte lakes that assumes that the nutrients are supplied only by detritus.
The qualitative behavior of the growth of algae and macrophytes was discussed, and they
considered the input of nutrients from either point or diffuse sources. Franke et al. [48]
proposed a physical–biological coupled model for algal dynamics in lakes by considering
the interactions of phytoplankton and zooplankton and their response to the physical
environment. Edwards and Brindley [49] studied zooplankton mortality and the dy-
namical behavior of plankton populations by considering nutrients, phytoplankton, and
zooplankton as variables. Chakraborty et al. [50] studied the dynamics of one and two
phytoplankton populations by considering that nutrients are supplied by external sources.
Nitrification in the water column and sediment of a lake and the adjoining river system
has been studied by Paur and Auer [51]. Other ecological modeling studies involving
phytoplankton, zooplankton, and nutrients have also been conducted [24,32,52]. In some
of these studies, it was suggested that by controlling the influx of nutrients, the density
of algae can be controlled, and, thus, the level of dissolved oxygen can be maintained;
however, the mechanisms to control the influx rate were not discussed.

Among all water quality constituents, only nutrients can be controlled by human
intervention on the system. For this reason, the control of biogenic substances is consid-
ered a method to monitor algal blooms and to improve the status of water quality [44].
From the point of view of the eutrophication process, the most important are nitrogen
and phosphorus.
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As with phosphorus, nitrogen discharges into natural water result from human activi-
ties as both human and animal wastes contain substantial amounts of nitrogen. In addition,
nonpoint sources from both agricultural and urban land contribute to excess nitrogen.
Because forms such as nitrate do not associate strongly with solid matter, they can be easily
transmitted to surface waters along with groundwater flow [45,46].

Elements that cannot be ignored when determining the impact of abiotic factors on the
growth of algae in the aquatic environment are currents and water level fluctuations. As a
result of the mixing of water masses, permanent enrichment of aquatic ecosystems with
gases and nutrients takes place. Water movement further contributes to the removal of the
products of metabolic processes of periphyton. The intensity of photosynthetic activity and
the respiration of phytoplankton, as well as the nutrient uptake rate and the reproduction
of algae, will increase [53].

Plant production in surface waters is affected by light, temperature, nutrient content as
well as the morphological, hydrodynamic, and hydrobiological properties of watercourses
and reservoirs. Constant increment of nutrients in water primarily causes a massive
expansion of phytoplankton (revealed by algae blooms, e.g., cyanobacteria or diatoms),
leading finally to the secondary pollution of water with the remains of dead plants and to
a significant deficit of dissolved oxygen. The current conditions in the Sulejów Reservoir
limit the recreational use of the lake and have had a negative impact on the economy and
tourism development of the region.

The Sulejów Reservoir is representative of a small lowland reservoir in Central Europe.
It has been widely studied since it was first filled in 1973. Many authors have described its
physical and chemical characteristics, flora and fauna, economic aspects, and environmental
impact [54–61]. An important gap in the full picture of the environmental status of the
Sulejow Reservoir is the lack of description of its hydrodynamics coupled with the water
quality of this water body. In this present work, the modeling of the hydrodynamics
of the Sulejów Reservoir is presented and coupled with the modeling of water quality
constituents by using the GEMSS model. Additionally, scenarios for reducing pollutants
entering the Sulejów Reservoir are proposed.

2. Study Area

The Sulejów Reservoir was built by impounding the Pilica River at 138.9 km with
a dam in the years 1969–1973. The Sulejów Reservoir, originally planned as a water
supply resource for the city of Łódź (approx. 800,000 inhabitants), now serves mostly as a
recreational area. The basic parameters on the characteristics of the Sulejów Reservoir are
presented in Table 1.

The Sulejów Reservoir receives water from two main tributaries, Pilica and Luciąża,
and several small streams that influence the hydrological balance of its area (Figure 1).
The Pilica River is the eighth largest river in Poland, the longest left-bank tributary of the
Vistula River. The river sources are in the town of Pilica, at an altitude of around 350 m a.s.l.
in the eastern part of the Cracow-Czestochowa Upland. The catchment area of 9258 km2

has a mostly natural character; however, the quality of water is impacted by both point
and nonpoint sources of pollutants that have resulted from the agricultural use of over 60%
of the basin [57]. The Luciąża River (length—48.7 km) is the longest left-bank tributary of
the Pilica River. It flows into the Pilica River near Sulejów city at an altitude of 167.5 m a.s.l.
The catchment area covers 760 km2. The flow of water in the Luciąża is in the range of 0.8
to 9.2 m3/s, with an average annual flow of 1.91 m3/s [57]. The results of studies on water
quality in the reservoir confirm significant loading with biogenic compounds from both
Pilica and Luciaza rivers [62–65].
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Table 1. The basic morphological and hydrological parameters of the Sulejów Reservoir [54].

Parameter Value

Surface area (ha) 2.380
Length of shoreline (km) 46.875

Shoreline development index 8.64
Total volume of the reservoir (million m3) 75

Usable capacity (million m3) 61.7
Dead storage capacity (million m3) 15.7

Flood volume (million m3) 9
Average depth (m) 3.2

Maximum depth (m) 11
Length of the reservoir (km) 17

Characteristic flows in the cross-section
Q0.1% (m3/s) 792
Q0.02% (m3/s) 952
Q1% (m3/s) 560
Q10% (m3/s) 324
Q50% (m3/s) 127
Qavg (m3/s) 30.2

Q flow rate (m3/s) 11.08
Maximum flow through weirs (m3/s) 450

Flow through the bottom outlets (m3/s) 24Water 2021, 13, x FOR PEER REVIEW 5 of 22 
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of state. The theoretical basis of the three-dimensional model was first presented by 
Edinger and Buchak [66] and, subsequently, by Edinger and Buchak [67] under its previ-
ous name, GLLVHT. GEMSS has been peer-reviewed and published [66–69].  

The model was based on a three-dimensional computational mesh (grid). The nu-
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Figure 1. (A,C) Localization (B) Morphological differentiation of the Sulejów Reservoir along the
longitudinal axis.

3. Methods

The computations are done on a horizontal and vertical grid that represents the
waterbody, bound by its water surface, shoreline, and bottom. The water surface elevations
are computed simultaneously with the velocity components. The transport of water quality
constituents is computed from the velocity components and elevations. Both hydrodynamic
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and water quality models in GEMSS are run simultaneously to preserve volume and
mass balance. Included in the computations are boundary condition formulations for
friction, wind shear, turbulence, inflow, outflow, surface heat exchange, and water quality
kinetics. The hydrodynamic and transport relationships used in GEMSS are developed
from horizontal momentum balance, continuity, constituent transport, and the equation of
state. The theoretical basis of the three-dimensional model was first presented by Edinger
and Buchak [66] and, subsequently, by Edinger and Buchak [67] under its previous name,
GLLVHT. GEMSS has been peer-reviewed and published [66–69].

The model was based on a three-dimensional computational mesh (grid). The numeri-
cal grid covers the entire area of the Sulejów Reservoir, and refinement of the grid structure
was applied in order to better reflect the phenomena occurring in this water body vertically,
crosswise, and along the reservoir (algae blooms). The horizontal distribution of the com-
putational cells is shown in Figure 2. The area of the grid cells varies horizontally, while a
constant vertical layer thickness of 1 m is used to characterize the water column processes.
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Figure 2. The refined grid used for performing the numerical modeling of the Sulejów Reservoir.

Water quality data were measured in 2015 and 2016 using two monitoring buoys
deployed in the Sulejów Reservoir. The monitoring system for the Sulejów Reservoir
consisted of two EXO 2 (YSI, USA) probes mounted on a buoy, anchored near the dam
and in the middle part of the reservoir (Figure 3), and equipped with sensors enabling
continuous, automatic measurements of water quality constituents, namely, temperature,
pH, concentration of dissolved oxygen, conductivity, chlorophyll concentration, algae
concentration (blue-green algae, BGA), and concentration of ammonium ions. The device,
located near the dam, was also combined with a meteorological station for continuous
measurement of the following constituents: water temperature, relative humidity, wind
speed and direction, atmospheric pressure, and solar radiation. For the two main inflow-
ing rivers, Sulejów and Pilica, as well as the outflow through the dam, daily flowrates
were provided by the Voivodeship Inspectorate for Environmental Protection in Łódź
(https://www.wios.lodz.pl/Rzeki_i_zbiorniki_2015,250). The water quality constituents
of the two main tributaries had variable time frequencies, mostly between a week and a
month. Temperatures of the inflowing rivers were calculated by the model from the meteo-
rological data provided by the Institute of Meteorology and Water Management—National
Research Institute.

https://www.wios.lodz.pl/Rzeki_i_zbiorniki_2015,250
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Figure 3. The stationary system for water quality and meteorological measurements, installed on the Sulejów Reservoir
(Buoy 1—dam; Buoy 2—Zarzęcin Village).

Two multiparameter probes were immersed in the water to a depth of approx. 2.5 m.
The probes were calibrated every two months based on relevant procedures and benchmark
solutions supplied by the producer (https://www.ysi.com/EXO2). The collected data were
used for the calibration and validation of the modeling results. Detailed results of water
and air measurements have been published by Ziemińska-Stolarska et al. [64,65].

During 2015, the wind blew most frequently along the lake from the inlet towards
the dam of the reservoir; 37% of the time, the speed was below 2 m/s, and 57% of the
time, it was between 2 and 6 m/s. The movement of standing water caused by wind can
reach up to 50 cm in the lakes of the moderate zone. Seasonal fluctuations of the water
level are caused by the influx or loss of water in the reservoir. Increased inflow can result
from spring thaw or abundant rains in the summer, while losses are primarily due to
evaporation from the surface. Large decreases occur during prolonged drought. Changes
in the water level, mainly by the lowering of the water table, affect the distribution and
composition of algae species in the area of flow fluctuations (the littoral zone). On the
shore of lakes and dam reservoirs, due to the above-discussed variations in the water table,
a zonal arrangement of algal communities has developed over the years.

4. Acoustic Measurements

Data on water currents (velocity and direction) in the Sulejów Reservoir have strength-
ened the calibration and verification of the hydrodynamic model. An acoustic Doppler
current profiler was used to made observations at 29 locations, from the dam to the inlet
of the reservoir (Figure 4). Twenty-nine measurement points were chosen, with special
attention to water temperature and water current speed.

The measurements were repeated continuously during the movement of the boat. As a
result, for a single passage along the cross-section, a few hundred to several thousand mea-
surements of partial flow were obtained, which were aggregated during the measurement
process. The measurements were repeated several times. The final result was calculated as
the average value of at least four correct runs.

Since the reservoir is an extension of the Pilica river, the general movement of water
through the lake towards the north-east is observed, but wind and the topography of the
lake influence the pattern of water movements on the short time-scale.

The 3D GEMSS model produced a 3D field for water movements, and the collected
data were later used for the verification of the model (comparison of obtained and modeled
flow velocities). Observed and modeled velocity and direction were compared daily for the
month of September 2015 (Figure 5). The highest velocities were observed in the riverine
and lacustrine parts of the reservoir (22–14 cm/s), the lowest in the transitional part of the
lake (7–10 cm/s); this area is characterized by a low flow due to greater width (1500 m)
and depth (approx. 6 m) of the basin.

https://www.ysi.com/EXO2


Water 2021, 13, 296 7 of 19

Water 2021, 13, x FOR PEER REVIEW 8 of 22 
 

 

riverine and lacustrine parts of the reservoir (22–14 cm/s), the lowest in the transitional 
part of the lake (7–10 cm/s); this area is characterized by a low flow due to greater width 
(1500 m) and depth (approx. 6 m) of the basin. 

 
Figure 4. Profiles of the points where flow velocity was measured using an ADCP current profiler. 

 
Figure 5. Current speed (cm/s) measured using the ADCP current profiler (orange bars) and modeled using the GEMSS 
model (blue bars) for September 2015. 

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 4. Profiles of the points where flow velocity was measured using an ADCP current profiler.

Water 2021, 13, x FOR PEER REVIEW 8 of 22 
 

 

riverine and lacustrine parts of the reservoir (22–14 cm/s), the lowest in the transitional 
part of the lake (7–10 cm/s); this area is characterized by a low flow due to greater width 
(1500 m) and depth (approx. 6 m) of the basin. 

 
Figure 4. Profiles of the points where flow velocity was measured using an ADCP current profiler. 

 
Figure 5. Current speed (cm/s) measured using the ADCP current profiler (orange bars) and modeled using the GEMSS 
model (blue bars) for September 2015. 

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 5. Current speed (cm/s) measured using the ADCP current profiler (orange bars) and modeled using the GEMSS
model (blue bars) for September 2015.

A comparison between measured and modeled average current water velocities shows
(except for a few points, such as 13,15, 19, 23, 27, and 29) that the results from the 3D model
correspond well with the results measured with the ADCP device. Model data deviated
more from observed data in the shallower (riverine) part of the reservoir.

The possible reasons for the discrepancies are as follows:

1. Inaccuracies in the location of the measuring points;
2. Point velocity measurement errors;
3. Errors in modeling the flow;
4. Errors in modeling the geometry.
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The first category is related to field velocity measurements taken from a boat. Consid-
ering the fact that a boat cannot maintain an absolute fixed position due to waves and wind,
errors are introduced in velocity measurements. A deviation of ±20 cm from the fixed
position can be assumed, which can cause large errors if there is a steep velocity change
in the plane of measurements. The magnitude of this kind of error cannot be estimated
accurately; however, a rough estimate of nearby velocities, within a distance of ±20 cm to
the measuring point, gave an error in the range 10–15%.

The second category consists of errors related to the instrument, its volume resolution,
its range of operation, and the sampling time. The ADCP device measures instantaneous
3-D velocity vectors with 10% accuracy. The vertical resolution of the instrument was
0.05 m, which is less than the vertical mesh spacing (∆y) used in the numerical model, i.e.,
0.08 m. Thus, the instrument resolution error can be ignored.

The third category is related to the numerical methods (discretization and iteration
errors), boundary conditions, and closure models. For a carefully modeled problem that has
well-posed boundary conditions, these errors are relatively low in comparison with other
errors. Wind is an important boundary condition. The wind measurements (velocities and
directions) obtained at one point near the outlet were extrapolated in the model to the whole
lake. Regional variations may lead to a deviation between simulated and observed results.

The fourth category is related to how the model geometry is built. The modeled
geometry is an approximation of the reservoir’s topography as it is based on measurements
of discrete cross-sections. The regions between the cross-sections are interpolated and
may not represent the right topography of the whole artificial lake. A rapid variation in
the topography significantly affects flow velocity distributions. The spacing used in the
present study were selected with special attention to the section properties of the reservoir.
However, they may not have captured important changes in the bed.

Based on the above uncertainties, a total error between computed and measured
velocities of about 10–15% is a reasonable assumption.

5. Results

We used numerical models to predict the parameters that may be useful for the
evaluation of algal bloom occurrence in lowland dam reservoirs.

Water temperature is one of the major driving forces in phytoplankton succession; it
contributes to changes in the structure of phytoplankton dominance. Cyanobacteria have
generally higher temperature optima for growth than other phytoplankton. Intense biomass
growth occurs at temperatures above 20 ◦C, although cyanobacteria, which dominate in
the Sulejów Reservoir, have developed a wider temperature range of 15–24 ◦C. Such
conditions prevailed from June to September 2015. A comparison of model-predicted water
temperature with the observed data is shown in Figure 6. The modeling results capture the
seasonal variations of a one-year simulation period.

One of the most important challenges controlling the accuracy of water quality models
is satisfied by the calibration technique of adapting kinetic model parameters to a particular
water body by achieving the smallest discrepancies between the simulation results and the
measurement data. Such an approach can give a reliable description of the eutrophication
process, assuming high quality and sufficient quantity of the measured data. The maximum
growth of algae is a function of available phosphate-phosphorus, nitrate-nitrogen, light,
and water temperature. Algal bloom volume is reduced according to death, respiration,
excretion, and sedimentation processes. The cycle of carbon is essential to handling the
degradation of algae and other organic matter and the subsequent transformation of
nutrients. The processes are described by mathematical formulas, which include the
coefficients of each process.

In the lake, many algal species exist. Each species has a separate set of coefficients. For
simplicity, two types of algae, cyanobacteria and “other blue-green algae”, were selected.
Coefficients describing the algal blooms were stimulated from experience, the literature,
and calibration and are presented in Table 2 [70,71].



Water 2021, 13, 296 9 of 19

Table 2. Variables and coefficients used in the WASP model.

Parameter Description Value Unit Min. Max.

Ke_a Background nonalgal light extinction 0.336 1/m 0 4
Ke_b Coefficient for chlorophyll for light extinction 0.0365 1/m(µgA/L) 0 0.054
Ke_c Exponent for chlorophyll for light extinction 0.64 No unit 0 1
anc Nitrogen to carbon ratio 0.25 gN/gC 0 0.25
k71 Organic nitrogen mineralization rate 0.01 1/day 0.01 0.15
th71 Temperature coefficient 1.08 No unit 0 1.08
k12 Nitrification rate 0.13 1/day 0.09 0.13
th12 Temperature coefficient 1.08 No unit 0 1.08
knit Half-saturation constant for oxygen limitation 1 gO2/m3 0 2

kmnc Half-saturation constant for nitrogen mineralization 0.5 gC/m3 0 1
k2d Denitrification rate @ 20 ◦C 0.1 1/day 0.09 0.16
th2d Temperature coefficient 1.08 No unit 0 2
kno3 Michaelis constant for denitrification 0.1 gO2/m3 0.1 0.1
apc Phosphorus to carbon ratio 0.025 gP/gC 0.025 0.025
k83 Dissolved organic phosphorus mineralization @ 20 ◦C 0.04 1/day 0.1 0.3
th83 Temperature coefficient 1.08 No unit 0 1.08

kmpc Half-saturation constant for phosphorus
mineralization 8 gC/m3 1 10

plc Phosphorus limiting switch 1 No unit
c2chla_d Ratio of carbon to chlorophyll-a 100 No units 10 100

rins_d Saturating light intensity 150 cal/m2/day 110 200
kmn_d Half-saturation constant for nitrogen 0.01 gN/m3 0.001 0.025

ZPGMode_d Zooplankton grazing mode 1 No unit 0 2
kgmicro_d Grazing rate due to microzooplankton 0 1/day 0 0.08
kgmacro_d Grazing rate due to macrozooplankton 0 1/day 0 0.101

thkt_d Temperature coefficient 1.045 No unit 1.045 1.045
k1d_d Death rate 0.05 1/day 0.015 0.2

The simulated concentrations of phosphate-phosphorus (PO4-P) and nitrate-nitrogen
(NO3-N) were high during the first part of the year (January–March; 0.07 and 0.04 mg/L,
respectively; Figures 7 and 8). Thereafter, NO3-N values and PO4-P concentrations
were reduced to zero and near-zero, respectively, during the summer months (April–
September). Subsequently, the concentrations of biogenic compounds increased again
(October–December): NO3-N—0.35 mg/L and PO4-P—0.08 mg/L. In 2015, NO3-N was
the limiting nutrient.

Lack of stratification in the Sulejów Reservoir makes chemical substance deposits of
allochtonic (terrestrial) origin more difficult; therefore, nutrients rapidly circulate in the
biosystem and intensify primary production. Chlorophyll-a content expresses the quantity
of phytoplankton cells in water and is a measure of the intensity of primary production
in the reservoir. Determined by the WASP model, chlorophyll-a levels fluctuate over
the year. Between November and February, the water surface temperature progressively
decreased and the wind swelled, which caused the concentrations of chlorophyll-a to
decline (0.0025 mg/L), increase rapidly in the spring (0.02 mg/L), and slowly decrease
during the summer months to 0.01 m/l (Figure 9). The simulated values produced the main
pattern of the observations. Results of the simulations of “other algae species” show the
highest concentrations during the spring and autumn seasons (May and June—0.02 mg /L)
due to the high growth rate that is the result of higher water temperatures (Figure 10).

Water 2021, 13, x FOR PEER REVIEW 11 of 22 
 

 

The simulated concentrations of phosphate-phosphorus (PO4-P) and nitrate-nitrogen 
(NO3-N) were high during the first part of the year (January–March; 0.07 and 0.04 mg/l, 
respectively; Figures 7 and 8). Thereafter, NO3-N values and PO4-P concentrations were 
reduced to zero and near-zero, respectively, during the summer months (April–Septem-
ber). Subsequently, the concentrations of biogenic compounds increased again (October–
December): NO3-N—0.35 mg/l and PO4-P—0.08 mg/l. In 2015, NO3-N was the limiting 
nutrient.  

Lack of stratification in the Sulejów Reservoir makes chemical substance deposits of 
allochtonic (terrestrial) origin more difficult; therefore, nutrients rapidly circulate in the bi-
osystem and intensify primary production. Chlorophyll-a content expresses the quantity of 
phytoplankton cells in water and is a measure of the intensity of primary production in the 
reservoir. Determined by the WASP model, chlorophyll-a levels fluctuate over the year. Be-
tween November and February, the water surface temperature progressively decreased and 
the wind swelled, which caused the concentrations of chlorophyll-a to decline (0.0025 mg/l), 
increase rapidly in the spring (0.02 mg/l), and slowly decrease during the summer months 
to 0.01 m/l (Figure 9). The simulated values produced the main pattern of the observations. 
Results of the simulations of “other algae species” show the highest concentrations during 
the spring and autumn seasons (May and June—0.02 mg /l) due to the high growth rate that 
is the result of higher water temperatures (Figure 10).  

 
Figure 6. Temperature distribution over the year 2015. The simulated values are marked red, blue line refers to data obtain 
from the buoy deployed near Zarzęcin Village (Buoy 2—Figure 3). 

 

 
Figure 7. Simulated and measured phosphate-phosphorus (PO4-P) concentrations for two locations in the Sulejów Reser-
voir in 2015. 

 

Figure 6. Temperature distribution over the year 2015. The simulated values are marked red, blue line refers to data obtain
from the buoy deployed near Zarzęcin Village (Buoy 2—Figure 3).
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Figure 11 shows the simulated horizontal distribution of algae concentrations in
the Sulejów Reservoir. The spring bloom starts near the outlet of the lake (lacustrine
part—0.015–0.02 mg/L). In June, in the riverine part (0.025 mg/L), the highest algae
concentrations are observed. In July, the algae concentrations decrease towards the dam
(0.015 mg/L). In August, chlorophyll-a concentrations are the lowest in the transitional
part of the Sulejów Reservoir (0.006 mg/L). In September, the highest concentrations are
observed in the riverine part of the lake (0.01 mg/L), while in October, the highest values
are observed in the transitional part (0.008 mg/L).
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6. Discussion

In the Sulejów Reservoir, which is a reserve source of drinking water for the inhabitants
of the Łódź agglomeration (approx 800,000 inhabitants) and an important recreation area,
a bad ecological status, aggravated by regular cyanobacteria bloom, has been observed for
decades. Results of studies on the water quality of the reservoir confirm the significant
loading of the reservoir with inflowing waters of the Pilica and Luciaza Rivers. From 1981
to 1990, 78.8–92.2% of nitrogen and 79.3–93.8% of phosphorus reached the reservoir from
major tributaries [57]. Similar proportions were observed from 1991 to 1993 [72]. Recent
data show (average data of 2005–2009) that together with the main source of pollutants, i.e.,
with waters of the Pilica and Luciaza rivers, the reservoir is supplied with the following
quantities of nutrients [63]:

• Pilica River—43.3 Total Phosphorus/year, 986 Total Nitrogen/year;
• Luciaza River—8.68 Total Pfosphorus/year, 215 Total Nitrogen/year

Many authors have shown that nitrogen compounds pass into surface water mainly
from agriculture, while phosphorus compounds are a result of inflow purified to varying
degrees or untreated municipal sewage and water erosion of arable land [73–76]. The
latest studies by Kowalkowski [53] indicate the important contribution of groundwater
and drainage systems to the total supply of mainly nitrogen compounds to the reservoir.
The reason for the bad condition of water in the Sulejow Reservoir, besides pollutants
flowing from the Pilica catchment, is also the development of holiday cottages that are
devoid of adequate sewage systems [77]. Without improving the sanitary conditions,
the discharge of significant quantities of nutrients to the reservoir will continue. Diffuse
sources of municipal pollutants (in terms of the number of inhabitants not serviced by
wastewater treatment plants) may provide the reservoir with about 1811 tons of nitrogen
and 302 tons of phosphorus per year [78]. A significant contribution to the waters in the
Sulejów Reservoir is the surface run-offs from agricultural fields that occupy over 60% of
the catchment area. The use of mineral and organic fertilizers causes the loads of TN and
TP that get to the reservoir to be 4176 tons N/year and 1425.6 tons P/year, respectively.
Determining the input of pollutants from the catchment area, which includes water erosion,
infiltration of pollutants, atmospheric deposition, and agricultural surface pollution (the
quantity and type of applied mineral and organic fertilizers), is hampered. Many of the
diffuse sources are difficult to define precisely [79].

An additional threat to water quality in the Sulejów Reservoir is the location of a
wastewater treatment plant (Sulejów; max. capacity 3000 m3/day) just above the backwater
of the reservoir. Although most of the sewage treatment has been taken over by the
modernized (in 2011) treatment plant, the discharge of wastewater containing phosphorus
in the form of orthophosphates is a serious source of this nutrient that is readily assimilated
by plankton. The development of phytoplankton is additionally favored by a slow-down
of water flow in the inlet of the reservoir. Thus, in terms of the balance of nutrients flowing
into the reservoir, point sources of pollution cannot be neglected. The most important
include direct discharges from wastewater treatment plants into the Pilica River and the
left-bank tributaries of the Luciąża River.

Among abiotic factors, a subsequent important factor that supports the formation
of algal blooms in the artificial lake is the water retention time. The extension of the
water exchange rate, as indicated by Kabziński [80], causes a significant increase in algal
biomass. In the modeled year, the water retention time in summer is 40 days. Shortening
the retention time to 8–10 days reduces the phytoplankton biomass in the upper part of the
reservoir from over 0.02 mg/L to less than 0.001 mg/L within 10 days. In the lacustrine
part, the same decreased cyanobacterial biomass happens within 14 days.

7. Scenarios of Nutrient Reduction Effort

The GEMSS model was used to evaluate the effects of potential nutrient reduction
scenarios. The model was used to find out how much the nutrient discharges need to be
reduced in order to obtain the water quality that meets the standards of the 1st Purity Class.
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Furthermore, it is important to investigate which of the nutrient-mitigating actions should
be concentrated on. In the Sulejów Reservoir, the availability of nutrients during the winter
season is high; in April, due to better light and temperature conditions, the rapid growth
and high concentrations of the so-called “spring bloom” is observed. A high amount of
algae requires high concentrations of nutrients to survive. When the “winter magazine” of
nutrients is empty, the algae only use the daily discharges to the lake, which will reduce the
algae concentrations in equilibrium with the inputs. If the nitrate-nitrogen pool is emptied,
the algal growth stops, even if there is phosphate-phosphorus left. Should the availability
of phosphate-phosphorus end, the algal growth ends, even if there is nitrate-nitrogen
present. Over time, both nutrients can have the role of being a limiting factor for algal
growth. It follows that the reduction in the inputs of nutrients to the lake should lead
to reduced algae occurrence. To get an overview of the possible mitigating actions that
would be required, the sources of input of nutrients need to be quantified. The results for
total phosphorus and total nitrogen are shown in four tables (Tables 3–6). The sources are
diffuse losses from arable lands and forest areas and input from urban areas. Wastewater
from the public is shared between sewage treatment plants (WWTP in the tables) and the
use of septic tanks. The sources are localized to three subcatchments: Sulejów River upper
part, Sulejów River lower part, and the local area around Sulejów, including the Pilicia
River. Most of the data were collected from the official Polish monitoring program.

Three nutrient reduction scenarios were modeled:

• 50% reduction in losses from agriculture areas;
• 50% reduction in losses from septic tanks;
• Both the 50% reduction in losses from agriculture areas and the 50% reduction in

losses from septic tanks.

It has been suggested that all phosphorus and nitrogen fractions used as inputs to the
model should be reduced in the same way as total phosphorus and total nitrogen.

A 50% reduction in the nutrients phosphate-phosphorus (PO4-P) and nitrate-nitrogen
(NO3-N) from agriculture areas, as well as a 50% reduction in discharges from septic tanks,
leads to a considerable reduction of nutrient concentrations in the lake (Figure 12). As can
be seen, a 50% reduction of nutrients from agriculture areas and/or a 50% reduction in
discharges from septic tanks leads to around a 20% reduction in algae occurrence during the
summer growth season (Figure 12C). If both measures take place, the algae concentrations
will be below half of today’s values. The water quality due to algal content might be
classified as good in the above situation. The simulated results shown in Figure 12 are
localized near the outlet of the reservoir.

Improved data quality on the input of nutrients to the reservoir would improve the
calibration of the model. Improved knowledge of the nutrient sources in the catchment
would lead to a prudent selection of the most cost-effective mitigating measures.

The presented study had a short duration, but the results made available indicate the
potential of utilizing this modeling tool in future work related to improving water quality
and the biodiversity of the valuable Sulejów Reservoir.

Table 3. Concentrations of biogenic compounds from point and diffuse sources used in the
GEMSS model.

Biogenic
Compound Arable Land Forest Area Urban Area Septic Tanks WWTP

Unit mg/L mg/L mg/L mg/L mg/L
Total Phosphorus 0.19 0.005 100 0.5 0.14

Total Nitrogen 3 0.3 700 4 2
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Table 4. Land area and population density in the Sulejów Reservoir catchment.

Catchment Area Water
Flow

Arable
Land

Forest
Area

Urban
Area

Population
Density

Septic
Tanks WWTP

Unit km2 m3/s km2 km2 km2 person person person
Sulejów River upper part 2545.2 15.5 1614.7 886.7 43.8 310,514 127,311 193,203
Sulejów River lower part 1390.5 6.8 652.7 699.8 38.0 222,480 91,217 131,263

Pilica + Sulejów Reservoir 997.5 4.9 633.9 307.3 56.3 296,258 121,466 174,792
Total Sulejów Reservoir

catchment 4933.2 27.2 2901.3 1893.9 138.0 829,252 339,993 489,259

Table 5. Total phosphorus—yearly loads in the Sulejów Reservoir catchment.

Catchment Arable
Land-Load

Forest
Area-Load

Urban
Area-Load

Septic
Tank-Load WWTP-Load Total Concentration

Unit ton ton ton ton ton ton mg/L
Sulejów River upper part 59.0 0.9 2.2 25.6 63.7 151.4 0.31
Sulejów River lower part 19.2 0.5 1.9 18.4 45.6 85.6 0.40

Pilica + Sulejów Reservoir 18.6 0.2 2.8 24.5 60.7 106.8 0.69
Total Sulejów Reservoir

catchment 96.8 1.6 6.9 170 68.5 343.8 0.40

Table 6. Total nitrogen—yearly loads in the Sulejów Reservoir catchment.

Catchment Arable
Land-Load

Forest
Area-Load

Urban
Area-Load

Septic
Tank-Load WWTP-Load Total Concentration

Unit ton ton ton ton ton ton mg/L
Sulejów River upper part 932 51 15 509 366 1874 3.83
Sulejów River lower part 303 32 13 365 263 976 4.54

Pilica + Sulejów Reservoir 294 13 20 486 350 1162 7.54
Total Sulejów Reservoir

catchment 1528 97 48 1360 979 4012 4.67Water 2021, 13, x FOR PEER REVIEW 18 of 22 
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substances in the reservoir waters and, consequently, to a reduction in water blooms.

A 50% reduction in phosphate-phosphorus from agriculture areas, as well as a 50%
reduction in presented compounds from wastewater sources, leads to considerably reduced
concentrations in the lake and reduced algae content during the summer growth season.

8. Conclusions

The WASP model was used to determine the water quality in the Sulejów Reservoir,
and the GEMSS model was used to determine the percent reduction in discharges derived
from the supplying rivers that is necessary to improve the water quality standard in the
Sulejów Reservoir. The obtained results show that a reduction of half the amount of
nitrogen and phosphorus, together with point and diffuse sources of pollution, reduces
the concentrations within the reservoir to the level of the 1st Purity Class. Moreover, by
using the monitoring results, we show that concentrations of nutrient compounds during
the vegetation season are reduced almost to zero, while the chlorophyll-a concentrations
exceed the permissible level of 10 µg/l. We use our model to propose scenarios of nutrient
reduction to solve the problem of algae blooms.

The application of mathematical modeling techniques to water quality problems has
proven to be a powerful instrument in water resource management. As a diagnostic tool,
it permits the abstraction of highly complex real-life conditions. As a predictive tool,
mathematical modeling permits the forecasting and evaluation of the effects of changes in
the surrounding environment on water quality [81,82]. Although engineering insights and
political and socioeconomic concerns play important roles in water resource management,
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some water quality problems are of such a highly complex nature that the predictive
capability of mathematical models provides the only real means for screening the myriad
number of management alternatives.

The multifaceted usage of reservoirs is possible only if the ecological values of their
geosystems, especially the quality of water, are retained. This quality is derived from
environmental conditions and the way in which maintenance drainage areas are developed.
Identification of relationships and interactions in the drainage basin–reservoir system helps
indicate optimal forms of land use, triggering the protection of water resources.
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