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Abstract

The aim of this study has been to determine the response of cyanobacteria to the lake pro-
tection and restoration measures implemented in the littoral zone of an urban lake called Jezio-
rak Maty. The first investigations were conducted in 1996 and were resumed in 1997-2003, 2005
and 2013, following the installation of a separator and the creation of stone accumulation sites.
Long-term changes in phytoplankton cyanobacterial proportions, abundance and biomass were
analyzed in relation to environmental conditions at the sites in the littoral zone (S — separator
pipes, K — sites with stones and R — sites with macrophytes). Relationships between cyanobac-
teria and water chemistry variables were analyzed by calculating the Spearman’s rank correla-
tion coefficient, and then with canonical correspondence analysis (RDA). The results provided
evidence that water temperature, total nitrogen and iron concentration (S, R), but also PO*in
spring (S,K) were the principal factors affecting cyanobacterial development. There was a signi-
ficant decrease in the share, abundance and biomass of cyanobacteria coinciding with a decrease
in conductivity and PO, * following the onset of lake restoration efforts. Changes in dominant
species from the ones typical in hypertrophic lakes to those typically found in eutrophic lakes
took place during the research. The modifications indicated a strong initial response of cyano-
bacteria to the restoration measures, but the situation stabilized in 2013, when cyanobacteria
returned to their previous average levels. This suggests that the introduction of lake restorta-
tion measures contributed to the lake’s improved water quality and they should be retained for
efficient lake management in the future.
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INTRODUCTION

Intensive urban and industrial development contributes to water eutro-
phication (BERNHARDT 1987), which is accelerated in those agglomerations in
which domestic sewage and nutrient rich stormwater enter shallow lakes
(Guzrowska, Gasse 1990, WICHELEN et al. 2007). Excessive primary nutrient
production causes massive growth of some algal species, particularly cyano-
bacteria, leading to algal blooms and inferior water quality (REYNOLDS 1978),
as a result of which the ecological status of some lakes suffers (NAPIORKOWSKA-
-KRZEBIETKE et al. 2012). Mass cyanobacterial growth depends on water tem-
perature, nutrient resources (particularly phosphorus and nitrogen), the de-
gree of exposure to wind and water mixing, phosphorus resuspension from
sediments and iron accessibility (MiscHKE, NIXxDorRF 2003, BERMAN-FRANK et al.
2007, EL-SAYED et al. 2010). Particular phytoplankton species, including
cyanobacteria, have various requirements as regards physicochemical water
parameters. According to PErECcHATY, BURCHARDT (1998), bioindication is
essential in this respect. A certain state of the natural environment or inten-
sity of environmental factors create suitable conditions for the occurrence of
a given species, characterized by a specific range of tolerance.

Eutrophication processes are effectively decelerated by reducing the in-
flow of nutrients, especially phosphorus, through lake basin restoration me-
thods (BERNHARDT 1987, KLaPPER 2003, JEPPESEN et al. 2007, WICHELEN et al.
2007, McDonaLD, LEaMaN 2013), which include external protecting solutions
in the lake’s catchment area (Lossow 1998). In urbanized catchments lacking
a sewer system with pipes for collecting superficial water and sewage water,
polluted stormwater is often discharged directly into lakes (Guzkowska, GASSE
1990). In order to protect water of urban lakes, separators are used for
stormwater pretreatment, during which some amounts of the organic sub-
stances are removed.

Jeziorak Maly is a eutrophic lake, in which the phytoplankton is domi-
nated by cyanobacteria. Certain protection and restoration measures have
been implemented to improve the lake’s water quality. Namely, separators
for stormwater pre-treatment were installed and stone accumulation sites in
the littoral zone were created. Our hypothesis was that these measures influ-
enced the environmental conditions, thus affecting the littoral zone cyanobac-
teria development over the 16 years since they were started. The aim of this
study has been to determine the response of cyanobacteria to the protection
and restoration technologies applied in the littoral zone of Jeziorak Maty
Lake. The study was conducted in 1996-2003, 2005 and 2013.
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MATERIAL AND METHODS

Jeziorak Maly Lake is a typical, shallow (mean depth of 3.4 m), eutro-
phic urban lake. It lies in a temperate climatic zone, in the Mazurian Lake
District, north-eastern Poland (Figure 1). Jeziorak Maly covers 26 ha and

Jeziorak Maly Lake R

Fig. 1. A morphometric map of Jeziorak Maty Lake:
S — sites with pipes from separators which drain stormwater,
K — sites with stone accumulation created in 1997, R — sites with macrophytes, P — pelagic zone

connects to a much bigger lake, Jeziorak Duzy (3,219 ha) through a narrow
canal (4 m wide and 4 m deep). For decades, this lake had been receiving
untreated municipal sewage from the town of Itawa. Since 1991, the effluent
has been treated at a local wastewater treatment plant. Efforts to improve
the lake’s water quality began in 1997. Since then, separators for the pretre-
atment of stormwater flowing to the lake have been installed in the littoral
zone. The construction started in 1996 and consisted of the Unicon System
lamella separators placed in the lake’s littoral zone. Completed in the spring
of 1997, the installation prevents untreated stormwater transfer to the lake.
The separators comprise 16 blinder sections, 1200 mm diameter inlet and
outlet pipes, and a 3200 1 sedimentation tank to remove petroleum compo-
unds, silt and sand in a separate rainwater sewer system. The petroleum
derivatives separation efficiency is 97% at nominal discharge of 160 1 s
This stormwater pretreatment covers the 70 ha catchment area of Jeziorak
Maty Lake (PUH EKOL 1995). The shores are partly concrete cast or reinfor-
ced with fascines, and most of the lake bed is covered with stones and
gravel. Jeziorak Maly is an example of a lake submitted to a reversed littoral
zone management system, with approximately 30% macrophytes and 70%
concrete bank. The phytolittoral includes emerged macrophytes, mainly
Phragmites australis (Cav.) Trin. ex Steud., Scirpus lacustris (L.) Palla, Aco-
rus calamus L., and Glyceria aquatica (L.) Wahlb., and the bed is muddy and
covered with decomposing plant debris.

Samples of phytoplankton were collected monthly from April to October
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in 1996-2003, 2005 and 2013, at three sites located in the littoral zone of
Jeziorak Maty (Figure 1).

The samples were taken from 1 m deep euphotic zone into a 10 1 calibra-
ted bucket (20 1 at each site), poured through plankton net no 20 and pre-
served first in Lugol’s solution and then in 4% formaldehyde solution. In to-
tal, 120 phytoplankton samples were tested. Basic physical and chemical
water parameters were measured directly at the phytoplankton sampling
sites. Water temperatures at 0.1°C precision and oxygen content at 0.01 mg
0, dm™ accuracy, as indicated on an HI 9143 oxygen meter, were determined
in situ, while the water pH and conductivity at 1-1500 uS cm™ were assessed
by CONMET 1. Orthophosphate (0.05-5.00 mg PO,? dm®), total nitrogen
(0.5-15 mg N dm®), iron (2.5-250 mg Fe®* dm?) and chloride (2.5-250 mg CI-
dm™) concentrations were measured in a laboratory using Spectroquant
Merck tests on a NOVA 400 spectrophotometer.

Qualitative and quantitative determinations of phytoplankton were per-
formed with an Alphaphot YS2 optical microscope at magnifications of 10x,
20x, 40x and 100x. Phytoplankton counts in 1 ml samples were determined
in a planktonic chamber, in 5000 fields of vision at 200X magnification. Cyano-
bacterial biomass of 10 individuals of each planktonic and periphytic algal
species was calculated by comparing algae to their geometric shape (RoTT
1981). Cyanobacterial abundance and biomass were correlated with water
physical and chemical parameters using non-parametric methods because
these data were not normally distributed. In order to reduce the number of
variables, a forward selection procedure using the Monte Carlo test with 999
permutations (p<0.05) was applied. Relationships were confirmed by calcu-
lating the Spearman’s rank correlation coefficient in a Statistica version 8
package, and then canonical correspondence analysis (RDA) was accom-
plished. This methodology was chosen after the DCA test had been conduc-
ted to estimate assemblages of cyanobacteria occurring in spring, summer
and autumn, i.e. environmental variable relationships. Finally, the relation-
ships were presented on a biplots graph using Canoco for Windows 4.5 soft-
ware.

RESULTS

In terms of abundance, the phytoplankton in Jeziorak Maly Lake at all
littoral zone sites (S — separator pipes, K — stones and R — macrophytes)
was dominated by cyanobacteria, ranging from 75% (K) to 76% (S). Analo-
gously to the results concerning abundance, cyanobacteria had the highest
share in the total phytoplankton biomass, varying from 48% to 60%. The
highest mean cyanobacterial abundance (27,378 ind. cm™) was noted at the
sites with macrophytes, while the lowest one (23,642 ind. cm™®) was determi-



273

ned at the sites with stones. The highest biomass was recorded at the sepa-
rator pipes (0.0427 mg cm™®) and the lowest one was at the sites with stones
(0.0292 mg cm?). The following physicochemical water parameters were re-

corded:

1) the sites at the separators had the lowest pH and mean water tempera-
ture of 16.8°C, and the highest water electrolytic conductivity (577 pS
cm), total nitrogen (3.7 mg N dm?) and chlorides (47 mg Cl' dm™);

2) the sites with stones had the highest mean orthophosphates at 0.52 mg

PO,” dm™ and iron at 4.36 mg Fe’* dm*;

3) the sites with macrophytes were determined to have the highest pH
and water temperature of 19.0°C, with the lowest PO,*, NT and CI

and also the lowest oxygen at 7.13 mg O, dm* (Table 1).

Table 1

Abundance and biomass and physicochemical water parameters (mean+ standard deviation)
in the littoral zone of Lake Jeziorak Maty (means for 1996-2003, 2005 and 2013)

phytoplankton abundance (%)
Biomass of cyanobacteria (mg cm)
Proportion of cyanobacteria in the total
phytoplankton biomass (%)

Water temperature (°C)

Oxygen content (mg O, dm™)

pH

Conductivity (uS cm™)
Orthophosphates (mg PO,* dm)
Total nitrogen (mg N dm)

Iron (mg Fe® dm™)

Chlorides (mg Cl dm™)

0.0427+0.0747
60

16.4+3.8
8.07+2.56
8.80+1.03

57T+£277
0.40+0.38

3.7+2.5
3.31+2.12

47+23

0.0292+0.0578
48

18.8+5.0
7.95+4.12
8.84+0.90
466+183
0.52+0.50
2.8+1.1
4.36+1.40
36+16

Parameters Separators Stones Macrophytes
Abundance of cyanobacteria (ind. cm™) 26277+50499 23642+67051 27378+59135
Proportion of cyanobacteria in the total 76 75 76

0.0331+0.0496
51

19.0+4.8
7.13+3.55
8.94+0.83

415+197
0.22+0.20

2.4+2.1
3.45+2.12
29+15

Some correlations between the cyanobacterial abundance and biomass
versus the physical and chemical water parameters were statistically signifi-

cant at N = 120, p < 0.05:

1) at the separators, there were positive correlations between cyanobac-
terial abundance and water temperature (r = 0.59), and between their
biomass and water temperature, conductivity, Fe and NT (r = 0.57,
r=0.42, r = 0.36 and r = 0.36, respectively);

2) at the sites with stones, negative correlations were recorded between
cyanobacterial biomass and conductivity (r = -0.34) and Fe (r = -0.36);

3) at the sites with macrophytes, there were positive correlations be-
tween cynaobacterial abundance and water temperature (r = 0.32),
and also between their biomass and water temperature, Fe and TN
(r =0.35, r = 0.39 and r = 0.25, respectively).



274

The RDA analyses also showed significant relationships between cyano-
bacterial abundance and biomass and 8 physicochemical water parameters at
the sites in the littoral zone (Figure 2). In the sites with separators (S), cyano-
bacteria correlated with PO,* and conductivity in spring, water temperature
and NT in summer, and Fe®" in autumn. Correlations were found between
these prokaryotic organisms and PO,* and conductivity in spring, water tem-
perature and Fe® in summer and Cl in autumn at the sites with stones (K).
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Fig. 2. Biplot of the canonical correspondence analysis (RDA) showing the relationships
between abundance and biomass of cyanobacteria and the physicochemical water parameters

in Jeziorak Maly Lake: S — separators, K — sites with stones, R — macrophytes
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At the sites with macrophytes (R), cyanobacteria correlated with Fe®" in su-

mmer and Cl in spring and autumn.

The highest contribution of cyanobacteria to the total phytoplankton
abundance in 1996 ranged from 95% (S) to 97% (K). Afterwards, a significant

decrease in their abundance was noted in 1997-1998

which was followed by

K

) was recorded in 2000 at the separators,

ce, cyanobacterial biomass rapidly decreased after 1996, but high proportions
of these organisms, ranging from 72% (K) to 86% (S), were determined in
2003. The lowest percentage of cyanobacteria in total phytoplankton was

and 41% at the sites with macrophytes. Similarly to the results on abundan-
10% in 2000 at the

an increase 1999-2003 and finally another decline in 2005 and 2013. The lo-
while the 1997 statistics demonstrated a 37% share at the sites with stones

west cyanobacterial share (34%

separators, 14% in 1997 at the sites with stones and 9%

in 1998 at the sites with macrophytes (Figure 3). The highest abundance and
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biomass of cyanobacteria were noted in 1996, and then a rapid decrease at
all the sites occurred after 1997. The cyanobacterial abundance at the sepa-
rators differed from that at the sites with stones and macrophytes: the for-
mer group of sites experienced a significant increase in the abundance and
biomass of cyanobacteria in 1999 and 2003, which was accompanied by an
elevated water temperature; meanwhile, at the other two types of sites, the
abundance of cyanobacteria increased in 1998, 2001 and 2005, whereas the
biomass increased in 2003 together with a PO,* rise (K). Generally, a decre-
ase in water conductivity at the separators and orthophosphates at the sites
with stones occurred in 1997-2003, and the same water parameters scored
higher at the sites with macrophytes in 2005 (Figures 4, 5).

Regarding their abundance, the cyanobacteria determined in Jeziorak
Matly Lake in 1996 were dominated by Limnothrix redekei at all sites in the
littoral zone; their share ranged from 95% at the separators to 96% at the
sites with macrophytes. The proportion of this species decreased in the sub-
sequent years, while the contribution of the following species rose: Plankto-
lyngbya brevicellularis (the highest proportion of 84% at the separators in
1998), Aphanizomenon gracile (45% and 21% at the separators and stones,
respectively, in 1999), Planktothrix agardhii (21% at the separators in 2013),
and Pseudanabaena limnetica (20% at the sites with macrophytes in 2003).
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Fig. 4. Dynamics of cyanobacterial abundance and biomass 1996-2003, 2005 and 2013 in the
littoral zone of Jeziorak Maty Lake: S — separators, K — sites with stones, R — macrophytes
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DISCUSSION

Jeziorak Maly Lake is a epitome of a shallow, eutrophized urban lake,
where phytoplankton is dominated by cyanobacteria (Guzkowska, GASSE 1996,
MiscHKE, Nixporr 2003). Before implementing lake restoration measures,
such as the installation of separators and the creation of stone accumulation
sites in the littoral zone, phytoplankton and water quality determinations
had indicated that the lake was polytrophic. Between 1960 and 1990, lake
water in the pelagial was low in oxygen and the oxygen deficit near the lake
bed often caused fish death (Jankowskr 1966). Cyanobacterial blooms of Ana-
baena, Aphanizomenon and Microcystis genera occurred in the summer se-
ason of 1968 (NIEwoLAK 1974), while a mass growth of Planktothrix agardhii
(Gom.) Anagn. et Kom. was recorded in 1978 (SpopNIEWSKA 1986). At that
time, the share of cyanobacteria in the total phytoplankton abundance was
above 90%, being similar to that recorded in 1996 directly before resuming
restoration measures (ZEBEK 2009). In contrast, their proportion was above
70% in the littoral zone in 1997-2003, 2005 and in 2013. Changes in water
quality in urban lakes are often rapid and extreme because of inflows which
vary in quantity, chemistry and seasonality. Elevated chemical parameter
values have been recorded in such lakes, including conductivity, nutrients
and chlorides, but also Pb, Cu, Zn, Cd heavy metals (Guzkowska, Gasse 1990,
SAPEK 2014, SzraKOWSKA et al. 2014, VINCENT, KIRKkwooD 2014, ZEBEK, SZWEJ-
KOWSKA 2014). Similar dynamics of changes in cyanobacteria occurred in the
pelagial zone, where the maximum share of these organisms was 98% in
1996 and 64% in 2005. This was also attributed to additional water mixing
during the fountain activity (ZEBEK 2014).

In Jeziorak Maly Lake, differences in environmental conditions important
for cyanobacterial growth were recorded at the sites with separator pipes,
stones and macrophytes. In this study, the separators supported more varied
environmental conditions than present at the other sites. Stormwater inflow
through the separators decreased water temperature and pH, while incre-
asing oxygenation, conductivity, NT and chlorides. Meanwhile, the highest
PO,* and Fe™ were recorded at the sites with stones, and the highest water
temperature and the lowest oxygen, NT and Cl occurred at sites with macro-
phytes, where there was muddy bottom and intensive organic matter decom-
position. While the highest mean cyanobacterial abundance was found at the
sites with macrophytes and the highest biomass was at the separators, their
lowest abundance and biomass appeared at the sites with stones. The main
reason was the variation of environmental conditions at the sites. The findings
also suggests extremely strong influence of polluted stormwater flowing
from the catchment, thus influencing cyanobacterial development, especially
at the separators and the sites with stones. However, water temperature
seems to be the most important factor determining cyanobacteria develop-
ment in fertile lakes such as Jeziorak Maty (ZgBek 2005), and their growth
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depends on nutrient concentrations and specific iron, nitrogen and phospho-
rus concentrations (BURCHARDT et al. 2007). Apart from a suitable water tem-
perature, cyanobacterial growth was stimulated by iron and total nitrogen
concentrations at both the separators and macrophytes. The RDA analysis
indicate differences in environmental requirements of cyanobacteria at the
studied sites. The important factors regulating the growth of cyanobacteria
are PO,” and conductivity in spring as well as water temperature in summer
at the separators and at the sites with stones. Moreover, NT stimulated their
development at the separators and Fe*" at the remaining sites in summer. In
addition, chlorides limited the growth of cyanobacteria in spring at the sites
with stones. This confirms the influence of stormwater effluents and stone
accumulation on the cyanobacterial growth in the individual seasons.

The protection and restoration technologies implemented in Jeziorak
Maty Lake, especially the separators and stone accumulation sites, contribu-
ted to long-term changes in cyanobacterial structure, abundance and bio-
mass. The highest proportion (95%), abundance and biomass of cyanobacteria
were recorded in 1996, before the aforementioned solutions were implemen-
ted. Many authors have reported dramatic changes in phytoplankton and
water quality directly after lake restoration (HuismaN et al. 2004, Woo-MyuNGa,
BomcuuL 2004, OBERHOLSTER et al. 2007, JEPPESEN et al. 2007). Similarly
to their results, a rapid decrease in cyanobacterial shares, abundance and
biomass was verified in Lake Jeziorak Maly in 1997, immediately after the
separators and other restoration measures had become operational. Incre-
ased cyanobacterial shares and abundance were noted in 1999-2003, before
the final decrease in these parameters that took place in 2005 and 2013.
Importantly, the above modifications in the phytoplankton growth were more
dynamic and progressed more rapidly at the separators than at the other
sites. Here, storm effluents from the catchment contributed to dramatic di-
sturbance of lake water conditions, such as higher water fertility and chan-
ges similar to ones reported in other urban lakes (Guzkowska, GAssE 1990,
Lossow et al. 2004). The overall changes were related to variations in
environmental conditions, especially water temperature, conductivity and
PO,*. In this study, there was a general decrease in conductivity and ortho-
phosphates, while the high cynaobacteria biomass noted in 2003 was most
likely due to the increased conductivity and orthophosphates in 2003 and
2005. After the introduction of restoration measures, the dominant species in
cyanobacteria assemblages changed from Limnothrix redekei, typical of poly-
trophic waters with very high nutrient concentrations (WERNICKE, NICKLISH
1986, JOBGEN et al. 2004), to Planktolyngbya brevicellularis, typically found
in eutrophic waters (CRONBERG, KOMAREK 1994, ZEBEK 2006). A high propor-
tion of the total cyanobacterial abundance was also recorded for typical eu-
trophic species such as Aphanizomenon gracile, Planktothrix agardhii and
Pseudanabaena limnetica. This suggests strong response of cyanobacteria to
changes in environmental conditions caused by restoration and protection
solutions implemented in the littoral zone of Lake Jeziorak Matly.
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CONCLUSION

The introduction of restoration measures in the littoral zone of Lake Je-
ziorak Maty, and especially separator and stone accumulation effects, caused
long-term changes in the cyanobacterial structure and dynamics. These
changes were more dynamic and progressed more rapidly at the separators
than at the other sites. This was related to the dramatic water disturbance
caused by storm effluents from the catchment. The 1997-1998 period, follo-
wing directly the installation of the lake restoration meausres, was very
important for this lake because of the significant decrease in cyanobacterial
proportion in abundance with a simultaneous decrease in conductivity and
PO,*. This indicates an extensive and rapid response of cynaobacteria to
environmental changes in this system. This study highlights the stabilization
of species in 2013, when cyanobacteria reached their previous, average le-
vels, and it also shows that the introduction of protection and restoration
solutions resulted in positive effects and contributed to the improved lake
water quality. The fact that these restoration measures established in Lake
Jeziorak Matly will certainly continue in the future underlines the great im-
portance of appropriate lake restoration technologies applied to achieve effi-
cient shallow urban lake management.
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