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Abstract The study was conducted on Diugie Lake in
Olsztyn, which for 20 years since the mid-1950s served
as a domestic and storm wastewater receiver, which led
to its complete degradation. The discontinuation of
wastewater inflow in 1976 caused a change in the tro-
phic state from saprotrophic to hypertrophic. Evident
improvement of water quality was possible only after
the implementation of proper restoration techniques.
Dhugie Lake was subjected to artificial aeration with
thermal destratification (1987-2000). After all opportu-
nities to improve water quality in the lake by artificial
aeration (low phosphorus sorption capacity of sediment)
had been exhausted, it was decided that a phosphorus
inactivation method using the coagulant PAX 18 be
used (2001-2003). Before restoration, the nutrient con-
centration in the near-bottom water layer of Dlugie Lake
was very high at 22.9 mg TN L™ and 3.50 mg TP L™ ".
The average amount of chlorophyll a was ca.
200 pug L™, and the Secchi disc visibility did not exceed
1 m. In 2017, 14 years after termination of the lake
restoration process, the total phosphorus concentration
at the bottom was 0.21 mg P L™ on average, and the
total nitrogen was 1.5 mg N L™'. The mean transparency
of the water oscillated around approximately 5 m, and
the amount of chlorophyll a was 1.86 ug L. Studies
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have shown that the most important step in reclamation
is to prevent pollutants from entering the lake to the
maximum extent possible and to use a combination of
several reclamation methods as a matter of good prac-
tice. Stable environmental conditions have developed in
the lake, and the values of chlorophyll a and the Secchi
disk visibility indicate that the lake has reached a meso-
trophic state.
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1 Introduction

One negative aspect of the urbanization, industrial and
agricultural development, which occurred after World
War Il in Poland and throughout the world, especially in
the mid-1950s, was the transformation of urban water
bodies into wastewater receivers. The response to the
inflow of excessive loads of mineral and organic com-
ponents with sewage consists of accelerated eutrophica-
tion and even extreme degradation (Jorgensen 2001;
Carpenter 2008; Fraterrigo and Downing 2008;
Istvanovics 2009; Wang et al. 2012). Symptoms of
degradation are especially visible as algal blooms, dete-
riorated water transparency, deoxygenation of water, or
the occurrence of unwanted decomposition products
such as ammonium and hydrogen sulfide near the lake
bottom (Grochowska and Tandyrak 2007). Lakes situ-
ated within town limits may even pose an epidemiolog-
ical threat by turning into pools of pathogenic bacteria,
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mainly Salmonella spp., which can invade the gastroin-
testinal tract (Colford et al. 2007), but also Aeromonas
spp. and Legionella spp. (Inoue et al. 2015; Miyagi et al.
2016).

In such cases, protective measures are necessary. The
first and foremost step is to cut off the flow of sewage
into the lake and redirect it beyond the catchment area.
In addition, leaky septic tanks and other uncontrolled
sources of discharge of pollutants should be identified
and eliminated. If lakes are surrounded by agricultural
areas, it may be necessary to change the land use prac-
tices in the catchment area and reduce the amount of
arable land in favor of grassland (Grochowska et al.
2011, 2014).

Very often degraded lakes do not respond to the
reduction of external pollutants. This is due to the phe-
nomenon of internal nutrient loading in the near-bottom
water. Bottom sediments in anoxic conditions become a
theoretically inexhaustible source of nutrients. In this
case, it is necessary to carry out recultivation treatments
(Brzozowska and Gawronska 2005).

The rapid acceleration of the eutrophication process,
which has been linked to human activities, has forced us
to seek effective methods that inhibit this process or
reverse its adverse consequences. To improve the qual-
ity of lake water in Poland and around the world, various
recultivation treatments (technical, biological) have
been developed that cause permanent nutrient immobi-
lization in the sediments or the removal of excess nutri-
ents outside of the lake ecosystem (Klapper 2003;
Jeppesen et al. 2007; Sewell et al. 2016).

The aim of this publication is to present a case of an
urban lake to demonstrate how easily a lake ecosystem
can be destroyed and, above all, how difficult it is to
restore a lake to its previous state. The recultivation of
lakes, especially a completely degraded lake, is extreme-
ly difficult and requires knowledge of the complex
processes that take place in the lake ecosystem, the right
choice of recultivation methods and a consistent, often
long-term study of their effectiveness. The costs are
usually very high, often exceeding by a manifold
amount the expenditure to be borne to prevent the
degradation of a lake (Dunalska et al. 2015; Dunalska
and Wisniewski 2016). There are very few lakes around
the world for which the monitoring of changes in envi-
ronmental conditions caused by various factors (sewage
inflow, protection, and recultivation) has been carried
out over such a long period, 45 years, as in the case of
the lake we shall discuss.
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2 Materials and Methods
2.1 Description of Study Area

The object of the study is Diugie Lake, a postglacial lake
situated in the western part of the city of Olsztyn, in
northeastern Poland. The lake’s surface area is 26.8 ha.
The lake has an elongated shape. The lake bowl is
divided into three parts: a shallow (3 m) and small
(2.3 ha) southern bay, the deepest (17.3 m) and largest
(13.4 ha) middle section, and the northern section with a
maximum depth of 5 m and a surface area of 11.1 ha
(Fig. 1, Table 1). The lake bowl volume is 1,415,000 m®.
It has no natural surface outflows and inflows. There is a
small peat bog named Mszar located nearby in the direct
catchment area of the lake, but these two water bodies
do not directly influence each other. In the second half of
the last century (1956-1976), this lake received raw
domestic and storm wastewater (350-400 m® day_l),
which led to the extreme degradation of this water body
and its transformation to a saprotrophic lake type. The
inflow of domestic sewage was limited in 1973
and finally discontinued in 1976. The cessation
of sewage discharge into the lake caused the
saprotrophic state to transform into a hypertrophic
state. Further improvement of the environmental
conditions in the lake was possible only after the
implementation of an appropriate restoration meth-
od. In 2015, the inflow of rainwater to the lake,
which has no natural tributaries or surface out-
flows, was also cut off. Currently, the lake is fed
only with surface runoff from a small 115.4 ha
catchment, atmospheric precipitation, and under-
ground sources.

2.2 Description of Restoration Methods

The first method used for the restoration of Dtugie Lake
was artificial circulation. This procedure was carried out
over 10 years and consisted of two stages: during the
first stage (in 1987, 1988, 1989, and 1990), three “mini-
floc” type aerators were used (@ 1 m, length 5 m, 10 m,
and 15 m), localized in the central, deepest part of the
lake (with 150 m intervals), and coupled with a com-
pressor with an approximate capacity of 150 m®> h™';
during the second stage (in 1991, 1992, 1993, 1994,
1995, 1997, 1998, and 2000), two compressors (work-
ing alternately), with a capacity of ca. 80 m® h™!, were
used together with two “mini-floc” aerators (@ 1 m,
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Fig. 1 Location of the research site

length 5 m and 10 m), localized in the deepest and in the
northern parts of the lake (the distance between them
was 360 m).

The failure of the original system to completely mix
the water column was the main reason for changing the
aeration system elements (such as the compressor type,
localization of aerators, and the type of pipes supplying
compressed air into aerators) (Grochowska and
Gawronska 2004). The aeration was conducted to the
point that further improvement of the water quality in
the lake by artificial circulation was no longer possible

(due to the depletion of Fe and Mn in the lake water and
the lack of possibility of further P precipitation). It was
decided that another method of restoration, i.e., phos-
phorus inactivation, be used. Subsequently, phosphorus
inactivation with a new generation aluminum coagulant
called PAX 18 was implemented to restore Diugie Lake.
The treatment was carried out in three stages: in spring
2001, autumn 2002, and autumn 2003. Twenty tons of
the coagulant was dosed each time. This corresponded
t0 6.79 g Al m™? of the bottom surface (Gawronska and
Brzozowska 2002). The coagulant was dosed from
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Table 1 Selected morphometric -
data bowls lake (by IFI 1958) Indicator
Surface water table

Maximum depth
Average depth
Relative depth
Depth index

Water volume
Maximum length
Maximum width
Elongation
Average width
Length of shoreline
Shoreline development

Surface
Water volume
Max. depth
Mictic type

Southern basin
2.3 ha

42,444 m®
30m

Polimictic

Value
26.8 ha
173 m
53 m
0.0334
0.3

1,414,800 m®

1670 m
240 m

6.9

160.4 m
4080 m
223
Central part
13.4 ha
947,916 m®
17.3

Dimictic

Northern basin
11.1 ha
424,440 m®
5.0 m

Dimictic

barrels on boats and distributed over the entire surface of
the lake through perforated tubes.

Both restoration methods were developed and imple-
mented by the Department of Water Protection
Engineering, University of Warmia and Mazury in
Olsztyn.

2.3 Research Methods
2.3.1 Chemical Analysis of Water

Analysis of the chosen water parameters (total phospho-
rus, total nitrogen, chlorophyll a, BODs) was performed
in samples taken with a Ruttner sampler from the cen-
tral, deepest part of Lake Dlugie (1 m below the water
mirror and 16 m ~! m above the bottom) (16 samples in
1 year, every sample in triplicate). The water samples for
analysis were taken monthly from April to November
1972 (during the inflow of domestic sewage), from
April to November 1975 (after limiting the amount of
domestic sewage), from April to November 1984 (after
cutting off the inflow of domestic sewage), from April to
November 1987, 1998, 2000 (during artificial aeration),
from April to November 2001, 2003 (during phospho-
rus inactivation), from April to November 2011, 2013
(the control years after restoration), and from April to
November 2017 (after cutting off the inflow of storm
sewage). The samples were analyzed immediately
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after their delivery to the laboratory, and therefore,
the preservation of samples was unnecessary.
Chemical analyses of water were performed in
accordance with the guidelines given in Standard
methods (1999). The water properties selected for
analyses were TN (the sum of TKN determined
with the Kjeldahl method, nitrite nitrates), TP (an-
alyzed spectrophotometrically with the molybde-
num blue method after preliminary mineralization),
BODjs (by incubation at 20 °C), chlorophyll a (by
spectrophotometric method after filtration using a
Whatman GF/C filter), and water transparency
(with the Secchi disk visibility method).

2.3.2 Statistical Methods

The results were statistically analyzed (one-way
ANOVA, p=0.05, Tukey’s HSD) using Statistica 9.0
software package (Statsoft Inc. 2016). An alternative
hypothesis tested was the presence of significant differ-
ences in mean annual values of nutrients between the
control year (1972) and subsequent stages of lake pro-
tection and recultivation (1975, 1984—after limiting
and after cutting off the inflow of domestic sewage;
1987, 1998, 2000—during artificial aeration; 2001,
2002, 2003—during phosphorus inactivation) and
2011, 2013 (post-experimental years), and 2017 (post-
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Table 2 Results of one-way ANOVA analyses (with Tukey HSD) for investigated variables in Diugie Lake (n = 656)

Variable F value p value Years which different significantly from 1972 (during inflow
of sewage)

TP-surface water 14.7290 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
TP-near bottom water 204.7034 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
TN-surface water 52.5678 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
TN-near bottom water 51.4598 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
BODs—surface water 6.0232 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
BODs—near bottom water 51.3196 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
Chlorophyll a 6.7018 <0.001 1984, 1987, 1998, 2000, 2001, 2003, 2011, 2013, 2017
Visibility of Secchi disk 20.6867 <0.001 1984, 1987, 2011, 2013, 2017

experimental year after cutting off the inflow of storm
sewage; actual trophic state of the lake).

3 Results

The statistical analysis revealed significant differences
between 1972 (during inflow of domestic and storm
sewage), 1987-2000 (during artificial aeration), 2001—

16

2003 (during phosphorus inactivation), and 2011-2017
(after recultivation and cutting off storm sewage inflow)
in the contents of nutrients, organic matter, chlorophyll
a, and water transparency in the entire volume of the
lake (Table 2).

In 1972, with the inflow of sewage, the average
concentration of TP (+ SD) in the surface water layer
was 1.65+1.37 mg P L™" and in the near-bottom water
layer was 6.04 =1.98 mg P L' (Fig. 2). After limiting
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Fig. 2 Average annual values of total phosphorus (+ SEM and 2*SD) in the water of Diugie Lake (mg P L")
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the amount of inflowing sewage, the average concentra-
tion of TP decreased to 0.89+0.27 mg P L' in the
surface water layer and to 2.51 =1.00 mg P L™" in the
near-bottom water layer (Fig. 2). Before recultivation and
after cutting off the inflow of domestic sewage (1984), the
mean quantity of TP in the surface water layer was 0.24 +

0.02 mg P L™" and in the near bottom layer was 2.45 +

1.28 mg P L' (Fig. 2). During artificial aeration, the mean
TP values decreased to ca. 0.18 £0.13 mg P L™ in the
upper water layer and to 0.20 +£0.17 mg P L™ near the
bottom. The P inactivation method (2003) caused a further
reduction of total phosphorus amounts to 0.06 + 0.02 mg P
L at the surface and 0.09 +0.02 mg P L' in the near-
bottom water (Fig. 2). In 2017, 14 years after the end of
recultivation and after cutting off the inflow of storm
wastewater, the average TP concentration increased to
0.09+£0.01 mg P L™ at the surface and to 0.21

+0.15 mg P L™ near the bottom (Fig. 2).

In 1972, during the inflow of sewage, the average
concentration of TN (£ SD) in the surface water layer
was 9.05 +£4.78 mg N L™! and in the near-bottom water
layer was 19.53 +12.37 mg N L™! (Fig. 3). After

limiting the amount of inflowing sewage, the average
concentration of TN in the surface water layer decreased
t0 3.19+1.32 mg N L', and in the near-bottom water
layer, it decreased to 12.67 £4.68 mg N L™' (Fig. 3). In
1984, before the restoration and after limiting of sewage
inflow, the average amount of TN in the surface layers
of the lake water was 3.21 £3.74 mg N L', and in the
near bottom water layers, it was 20.48 = 16.13 mgN L™
(Fig. 3). Artificial aeration caused a radical decrease in
TN concentration (in 2000, mean values of 1.5—
1.7 mg L"), especially in the lower layers of the water
(Fig. 3). During phosphorus inactivation, in the upper
water layer, the average amount of TP was similar to the
values reported during aeration, and the nitrogen content
near the bottom doubled in comparison to the levels
recorded during artificial aeration (mean concentra-
tion ca. 2.8 mg N L) (Fig. 3). Fourteen years
after the restoration, and after cutting off the in-
flow of storm sewage, a slight decrease in the
surface concentration of TN was noted, while the
value remained at approximately 1.50 mg N L'
near the bottom (Fig. 3).
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Fig. 3 Average annual values of total nitrogen (+ SEM and 2*SD) in the water of Dugie Lake (mg N L")
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Fig. 4 Average annual values of chlorophyll a (+ SEM and 2*SD) in the water of Diugie Lake (ug L")

The average amount of chlorophyll a in 1972 (during
inflow of sewage) (+ SD) in the water of Dlugie Lake
was 193.97+163.91 ug L' (Fig. 4). In 1976, after
limiting the amount of incoming sewage, the mean
value of chlorophyll a decreased to 104.47 +
89.49 pg L' (Fig. 4). The average amount of chloro-
phyll a in water in 1984, after cutting off the inflow of
sewage, was 62.9+53.54 ug L™'. The beginning of
artificial aeration with thermal destratification caused a
marked decline in the concentration of chlorophyll a in
the lake (Fig. 4). In the last year of the lake’s aeration
(2000), the average chlorophyll a concentration at the
surface was 29.38 +14.16 ug L™ (Fig. 4). In the years
with phosphorus inactivation, the average amount of
chlorophyll a ranged between 8.78 and 12.23 pg L'
(Fig. 4). In the post-experimental years (2011, 2013,
2017), a further decrease in the chlorophyll a content
to mean values in the range of 7.38-1.68 ug L' (Fig. 4)
was noted.

In 1972, during the inflow of sewage, the average
value of the Secchi disk visibility was 2.1 m (Fig. 5).
After limiting the amount of inflowing sewage, the
average value of transparency decreased to 1.5 m.

Before the restoration and after cutting off the inflow
of domestic sewage (1984), the average value of water
transparency was 0.4 m (Fig. 5). Artificial aeration
induced an almost threefold increase in this parameter
(Fig. 5). During aeration, the mean water transparency
oscillated at approximately 1 m. The phosphorus inac-
tivation method caused further improvement of water
transparency, the average level of which was 2 m in the
last year of the treatment (Fig. 5). In 2011 and 2013 (8
and 10 years after the restoration procedures, respective-
ly), the mean value of this parameter reached 3 m (Fig.
5). In 2017, the average value of the Secchi disk visi-
bility increased to 5.3 m (Fig. 5).

In 1972, the average value of BODs (+ SD) in the
surface layer of lake water was 7.9+2.8 mg O, L™ and
in the near-bottom layer was 12.60+5.70 mg O, L™
(Fig. 6). Similar values were noted in 1976. In 1984,
before the restoration and after cutting off the inflow of
domestic sewage, the mean value of BODs in the surface
layer of lake water was 6.90+2.80 mg O, L™, but in
over bottom layer, it was 68.20+51.00 mg O, L' (Fig.
6). The implementation of the artificial aeration proce-
dure in 1987 resulted in increasing BODs values,
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Fig. 5 Average annual water transparency (+ SEM and 2*SD) in Dhugie Lake (m)

especially in the surface water layer (Fig. 6). In the last
year of artificial mixing, the average values of BODs
decreased and oscillated at approximately 4.70 +
0.50 mg O, L ™" in the surface layer and approximately
3.20£0.10 in the near-bottom water layer (Fig. 6). When
the phosphorus inactivation treatment was carried out in
the lake (2001-2003), the average values of BODs in the
upper water layer ranged from 2.20 to 4.30 mg O, L™
and in the near-bottom layer from 1.70 to 2.20 mg O,
L™ (Fig. 6). In the post-experimental year (2017), the
mean value of BODs in the surface water layer was
found to be 1.00+0.30 and in the near-bottom layer
was 1.30+0.60 mg O, L' (Fig. 6).

4 Discussion

Considering the statistical analysis of the obtained ex-
perimental results (BACI design) (Smith 2002), BA
type analysis was used, i.e., before treatment—after treat-
ment. The point of reference in our considerations was
the average value of the analyzed parameters recorded in
the lake before any protective and recultivation activities

@ Springer

(such as limiting the amount of flowing sewage, total cut
off of sewage inflow, recultivation by artificial aeration-
two stages, phosphorus inactivation, cutting off the in-
flow of storm sewage).

The initial information about the environmental con-
ditions in the water of Diugie Lake was provided by
Olszewski and Paschalski (1959). The authors noted a
very high trophic status based on the studies of thermal-
oxygen settings made at the end of the summer of 1956,
where the unfavorable distribution of oxygen in the
water column was indicated. In the epilimnion layer up
to 3 m in depth, water oxygenation was found to be high
(115%), but deeper into the lake, there was a rapid
decrease in the amount of oxygen dissolved in water,
up to 53% at 4 m and 0% at 5 m. The hypolimnion water
contained hydrogen sulfides. This situation was caused
by the inflow of sewage discharged through collectors
on the eastern and western shores of the lake. From the
mid-1950s, via an emergency overflow, untreated do-
mestic sewage discharged to the southern bay of Dhugie
Lake (approximately 350-400 m® day '). In a short
time, this led to complete degradation of the reservoir
and a change of the trophic state from eutrophic to
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saprotroph (Gawronska et al. 2005). Research on the
lake carried out in the 1970s (during the period of the
highest pollution) showed that the water of Dtugie Lake
contained extremely high concentrations of phosphorus
and nitrogen, similar to those found in diluted sewage
(Mientki et al. 1979). In the surface water layer, the TP
content was 2.0 mg P L™ and nitrogen content was
12.5 mg N L', In the near-bottom water layer, the
determined values were as follows: over 12.0 mg P
L™ of TP and over 31.0 mg N L' of TN. Such high
concentrations of nutrients favored primary production
in the lake. However, Mucha (1979) found disturbances
in biomass production, which were confirmed by large
seasonal variations of chlorophyll a from 1.09 ug L ™" in
June 1972 to 514.30 pug L' in August 1972.
Phytoplankton in Diugie Lake was exceptionally poorly
diversified in the number of species, with an evident
predominance of cyanobacteria (Mucha and Rybak
1979). The poor species composition of zooplankton,
bottom macrofauna (Sikorowa 1979), and the intensive
growth of bacterioplankton—106-108 CFU in 1 cm® of
water (Zmystowska and Sobierajska 1980)—also evi-
denced strong pollution of the lake. The environmental

conditions prevailing at that time in Dhugie Lake indi-
cated the need to take protective measures not only to
prevent further degradation of the lake but also to allow
for its renewal.

According to Reynolds (2003), one of the most
effective ways to reduce lake trophic level is by
cutting off the inflow of nutrients from the catch-
ment. This is a first and basic protection procedure,
preceding a possible decision on the application of
restoration activities. The response of lakes to the
reduction of the inflow of pollutants can be varied—
from total renewal, to a slight improvement of water
quality to the absence of any changes. In 1973, there
was a reduction in the amount of domestic sewage
discharged into the lake, and sewage discharge to
the lake was completely terminated in 1976.
Gawronska’s research (1984), carried out after
starting the protective measures in the catchment,
showed that the changes caused by the cessation of
the sewage inflow were small and only quantitative.
Suspension of sewage discharge was not enough to
restore this lake, but it was undoubtedly necessary
before proceeding with its reclamation.
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The most frequent goal of the lake restoration method
is to improve the environmental condition by limiting
the amount of nutrients. In lakes with an advanced
trophic level and oxygen depletion in the near-bottom
zone, sediments act as a significant phosphorus source
and become the cause of secondary pollution (Selig and
Schlungbaum 2003). The substances stored in sedi-
ments may have a harmful impact on lake water quality
for a long time.

Studies have shown that the use of artificial aeration
did not cause significant changes in the total phosphorus
content in the surface water layer. However, a very large
reduction in the phosphorus amount was observed in the
near-bottom water. In 1984, before the restoration, the
TP concentrations ranged from 2.5 to 3.5 mg P L.
During the first stage of aeration, TP decreased to ap-
proximately 0.5 mg P L™", and from 1998 to 2000, it
never exceeded 0.25 mg P L™'. The TP decrease in the
lake during aeration was mainly due to a decrease in the
concentration of mineral phosphorus. In the water nor-
mally occupied by the hypolimnion, a decrease of phos-
phates was reported since the beginning of the restora-
tion procedure. It was slight in the first restoration year,
but in the next few years, especially in the second
aeration stage, the phosphate concentration was approx-
imately 10-fold lower than before the restoration
(Grochowska and Gawronska 2004). The reason for this
might be the translocation of phosphates into the surface
layer and their distribution in the whole water volume.
In addition, due to the near bottom water oxygen-
ation improvement, the release of mineral phos-
phorus from sediments was inhibited, and conse-
quently, the mineral P concentration decreased in
the near-bottom water as well as in the whole
lake. This assumption was also confirmed by the
results obtained by Keizer and Sinke (1992), who
found that the improvement of near-bottom water
oxygenation can result in a decrease of diffusive P
released in the sediment-water interface.

Many authors (Seitzinger et al. 2006; Hamersly et al.
2009) maintain that the nitrogen decrease in water is
caused by increased sedimentation of organic matter and
its deposition in the sediments or by ammonification and
denitrification of organic compounds to free nitrogen. It
should be emphasized that the main path of free nitrogen
is denitrification after prior nitrification (Puchalski et al.
1995). However, another possibility can occur in the
bottom sediment of lakes. In the case of a lack of nitrates
because of ammonia depletion, ammonia can be
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transformed into N, via the anammox pathway (Sutyta
et al. 2009). Microorganisms play a main role in nitro-
gen transformation, whose activity is dependent on
many environmental factors. Ammonification may oc-
cur under both aerobic and anaerobic conditions under a
wide pH and temperature range, and the intensity of this
process depends on the number of the respective phys-
iological groups of bacteria present (Niewolak and
Potocka 1989). An improvement in oxygen conditions
in the deeper part of the lake by artificial aeration
resulted in a rapid decrease in ammonia nitrogen content
by its oxidation to nitrate nitrogen. The processes of
ammonia oxidation (nitrification) were favored by ele-
vated temperatures, which were achieved by continuous
water mixing and heating via contact with the atmo-
sphere. The effect of these changes was a clear increase
in the amount of nitrates in the lake (Grochowska and
Brzozowska 2015). This form of nitrogen in the surface
layer of the lake water can be consumed by intensively
developing phytoplankton (Czaplicka-Kotas et al.
2012), and in the bottom part of lake water, it can be
reduced to gaseous nitrogen (denitrification). According
to Helmroos et al. (2012) and Liu et al. (2018), denitri-
fication is the main process leading to the loss of nitro-
gen from aquatic ecosystems, and it occurs with the
participation of heterotrophic or relatively heterotrophic
bacteria, which are active at a wide temperature range of
5-35 °C. The water pH also influences the intensity of
this phenomenon; the optimum is between pH 7.0 and
pH 8.2. However, the most important factor is proper
oxygen conditions (Hunting and Van der Geest 2011).
In Dhugie Lake during artificial aeration, denitrification
may have been the main process in sediment. Factors
that were favorable to denitrification processes in the
sediment were high organic matter contents, lower pH,
and anaerobic conditions inside of the sediment
(Brzozowska and Gawronska 2009). The artificial acra-
tion with thermal destratification caused a distinct
change in the content of nitrogen compounds in
Dtlugie Lake. The total nitrogen amount decreased ten
times (Fig. 3).

When further improvement of water quality using
artificial aeration was no longer possible (low sorption
capacity of the sediments, the lack of iron and manga-
nese in water), the phosphorus inactivation method was
used. This method is based on phosphorus precipitation
from the water column and its immobilization in the
bottom sediment. After the lake’s artificial aeration was
terminated, the waters returned to the previous thermal
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and oxygen arrangement (with hypoxia in the hypolim-
nion); therefore, aluminum coagulant PAX 18 was used.
Guminska (2011) stated that aluminum forms strong
bonds with phosphorus, durable even in anaerobic con-
ditions, and has low oxidation-reduction potential.

After the introduction of the first coagulant dose,
almost complete precipitation of phosphate from the
upper water was observed. In the hypolimnion, the
decrease in the phosphate amount was slight, but clear
inhibition of P release from the sediment was observed.
After application of the next PAX 18 dose, the presence
of mineral phosphorus was not detected in the surface
layer, while in the near-bottom zone, its concentration
did not exceed 0.039 mg P L' (Grochowska et al.
2013). This was an effect of the min P release radical
blockage from sediment, and it was indicated by the min
P decrease in the interstitial water (Gawronska and
Lossow 2003; Brzozowska et al. 2012).

The phosphorus inactivation method helped to radi-
cally reduce the total amount of phosphorus in Dhugie
Lake. In 2003, total phosphorus concentrations ranged
from 0.054 to 0.144 mg P L™! (Fig. 2).

The phosphorus inactivation method does not sub-
stantially change the content of nitrogen compounds. It
should be noted that the precipitation of phosphorus
from the water column to the bottom sediment also
resulted in a clear increase in the N/P ratio. This is a
very important indicator in the determination of the
dominance of certain species of algae (Helmroos et al.
2012). An increase in the N/P ratio to above 14 causes
the disappearance of blue-green algae blooms and stim-
ulates the growth of algae that are more desirable eco-
logically (Quan and Falkowski 2009; Pawlikowski et al.
2013). Before the restoration, the N/P ratio in the surface
water layer ranged from 3 to 12; during the artificial
aeration, it ranged from 8 to 23, while during phospho-
rus inactivation and after the termination of the recla-
mation, it increased to a range of 20-78.

Even 10 years after the recultivation treatments were
stopped, Dlugie Lake has good water quality, but a slight
increase in the content of TP and TN was observed in the
near-bottom zone. It should be noted that the lake is located
at the lowest drainage basin point, and thus, it is

Table 3 Current TSI index value for Dlugie Lake

Trophic state index TSITP TSITN TSISD Tslchl
64 52 38 39

continuously loaded with natural substances from the catch-
ment and with some inflow of storm sewage. However, in
2015, the inflow of storm sewage was stopped.

The limitation of the inflow of pollutants to Dhugie
Lake has resulted in a slight improvement of the envi-
ronmental conditions in the lake. In the range given by
Zdanowski (1982), considering the spring content of
phosphorus in the lake, Dhugie Lake can be classified
as a meso-eutrophic water body, having the 2nd degree
of a trophic state. In the trophic classification of Carlson
(1977), the value of the TSItp indicator for the tested
lake positions in Dlugie Lake was in the middle of the
range established for eutrophic lakes (Table 3).
Considering the trophic classification by Kratzer and
Brezonik (1981) based on summer measurements of
nitrogen concentrations, supplemented by the Carlson
classification (1977), Dlugie Lake is located on the
borderline of mesotrophy and eutrophy (Table 3).

One of the most important parameters reflecting the
trophic status of water is Secchi disk visibility.
According to Borowiak (2000), the amount of dissolved
salts, the density of live and dead suspension, the color
of water and, above all, the concentration of plankton
determine the penetration of light rays. In 2017, the
water transparency in Diugie Lake ranged from 3.2 to
7.3 m, and the average value in the growing season
oscillated around approximately 5 m. In the analyzed
lake, the Secchi disc visibility range was largely regu-
lated by the development of algae, which is confirmed
by the high negative correlation (»=0.84, p <0.05, n=
144) between visibility and chlorophyll a content, con-
sidered to be an indicator best expressing the volume of
primary production. Our research in 2017 showed that
the largest amount of chlorophyll a (2.99 pg L") re-
corded at the peak of summer stagnation coincided with
the lowest water transparency—3.2 m. According to the
classification developed by Faras-Ostrowska and Lange
(1998), based on the Secchi disk visibility range obtain-
ed, the analyzed lake can be described as mesotrophic.
Dlugie Lake was distinctly diverse in terms of biogenic
parameters of the trophic status, such as TSItp and
TSIy, according to Carlson (1977), and the indicators
defining the primary production volume, i.e., TSI¢y, and
TSIsp (Table 3). The TSIgp and TSIy, values are within
the range established for mesotrophic water bodies.

In its long history of degradation, protection, and
recultivation treatments, Diugie Lake has been observed
to undergo a significant change in the production of or-
ganic matter, which has radically decreased. In some past
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years, the BOD;s achieved a mean value above 60 mg O,
L_l, and we now note an average value of BODs of ca.
1.1 mg O, L', Currently, the lake is a mesotrophic water
body, within which the processes of organic matter pro-
duction and decomposition are sustainable.

5 Conclusions

The history of Diugie Lake shows how inappropriate
wastewater management can easily destroy a sensitive
lake ecosystem and turn the lake’s waters into diluted
sewage. For twenty years, Dlugic Lake received raw
domestic sewage, and for over 40 years, it has been
treated to finally achieve good environmental condi-
tions. The research into Dlugie Lake shows that to
ensure success in the process of lake restoration, it is
necessary to reduce, as much as possible, the inflow of
pollutants from the catchment and to combine several
complementary recultivation methods. Having satisfied
these requirements, it only takes a few years for stable
environmental conditions to be created, thus implicating
a possibility of maintaining the positive impact of lake
renewal efforts, as these positive effects have been stable
for a period of at least 10 consecutive years.

Today, chemical parameters (nutrient concentrations)
and especially indicators defining primary production
(chlorophyll a and Secchi disk visibility) indicate the
mesotrophic nature of Dhugie Lake water.

Dlugie Lake is the only reservoir in Poland, and one of
the few in the world, that has been successfully recultivated,
and positive effects have been achieved for almost 20 years.
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