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Abstract

Every lake located in an urban area or in the vicinity of a town is a unique element of the landscape. However, lakes situated in cities are particularly endangered as they have a role of
receiving water for municipal, industrial and precipitation wastes. The load of nutrients introduced with sewage is so high that it disturbs the biological balance and disrupts biogeochemical
processes in an ecosystem. The object of the study was an urban Lake Sajmino (21.6 ha, max.
depth 7.8 m) used for recreation. Its catchment is smaller than the topographic catchment area
because some of the precipitation water is redirected outside by a storm water drainage system.
The lake is fed by 3 permanent inflows (I-III). The goal of the study was to find correlations
between the hydrochemical and biological parameters of the lake water and the quality of water
supplied by the inflows. Simultaneously, an attempt was made to identify the hazards, in order
to undertake actions in the near future preventing deterioration of the lake’s trophic state.
The amounts of pollutants flowing into the lake from various sources exceeded the acceptable
levels, therefore leading to an increase in its trophy, exhibited by algal blooms and limitation in
the transparency of the lake water expressed as Secchi disc visibility. A significant (p ≤ 0.05)
inverse correlation between Chl a and SD (r = –0.755) was found for the lake water, and
between the Chl a of the lake and the pollutants of the inflows: NNH4 (I), r = 0.786, NNO2 (I),
r = 0.731, NNO2 (II), r = 0.881, suspension (III), r = –0.719. TSI indicates that the eutrophic
character of the lake is still unsettled. TSI (TP) > TSI (TN) > TSI (SD) > TSI (Chl a). The SD
value (2.2÷3.55 m) may be caused by dissolved organic matter, the suspension or the water’s
colour. Phytoplankton (Chl a ≤ 4.840 µg dm-3) could be limited by nitrogen, zooplankton feeding
or toxic compounds.
Keywords: Secchi disc visibility, water pollution, chlorophyll a, TSI.
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INTRODUCTION
Every lake located in an urban area or in the vicinity of a town is a special and unique element of the landscape. It shapes the climate, supplies the
town with water, and plays an important role in the recreation and active
leisure of the town’s inhabitants. The availability of the lake’s shoreline,
allowing for such activities as sunbathing on the beach, bathing, angling or
walking, is of no less importance. Lush vegetation impedes access to the
lake. On the other hand, it acts as a buffer zone for the inflowing surface
pollutants (Cappiella, Schueler 2001). This zone is important, as lakes are
very susceptible to the impact of increasing pollution loads, both organic and
mineral, introduced from catchment areas that are heavily transformed
anthropogenically (Schueler, Simpson 2001, Dunalska 2011). In practice, this
is exhibited by the intensification of primary production and deterioration of
aesthetic and hygienic conditions (Nawrocka, Kobos 2011), an increase in
difficulties and costs in the treatment of the water being derived, and in a
further perspective – by the elimination of the reservoir from fishing and
recreational use. As an important element of the urban landscape, lakes are
subject to constant “monitoring” by inhabitants – their users (Coles et al.
2013). From the user’s point of view, the purity of the water in the lake is
important, meaning its high transparency, no algae blooms and lack of odor.
Such features are characteristic for reservoirs with a low trophy. The protection of lakes consists in a considerable limitation or elimination of the flows
of nutrients and organic matter loads into water, and therefore control of the
hydrochemical parameters of the water of the lake and its inflows becomes
necessary. It is these parameters that constitute the basis for the formation
of biological and sanitary conditions. Coherent, deliberate actions undertaken
sufficiently early may eliminate the necessity of costly reclamation in future.
The goal of the work was to find connections between the hydrochemical
and biological parameters of an urban lake’s water and the quality of water
supplied by the inflows from the lake’s catchment area which was transformed by human activities. Simultaneously, we strove to identify the hazards,
in order to undertake in the near future actions preventing deterioration of
the trophic state, which is important for the aesthetics of the urban landscape, and from the point of view of using the lake for recreational and economic purposes.

MATERIAL AND METHODS
Lake Sajmino (max. depth 7.8 m, area 21.6 ha) lies in north-eastern
Poland, in the western part of the Mazury Lake District, on the outskirts of
a small town (population: 33,000) – Figure 1. The lake is fed by 3 permanent
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Fig. 1. Research area

surface inflows (I – drains the Kajkowo (flow between 1.3 - 4.0 l s-1) Tunnel
Valley, II – drains the area of a housing estate in suburban Kajkowo (flow
between 1.6 - 8.6 l s-1), III – drains the area of a former military range (flow
between 0.2 - 0.7 l s-1) – Figure 1.
The studies were carried out during the plant growing period of 2013,
from May to October. For full chemical analysis, water was sampled in the
deepest part of the lake with a 3.5-liter Ruttner sampler, from the depths of
1 and 7 m above the bottom (6.8 m). The thermal-oxygen profiles and electrolytic conductance were determined in the full vertical section of the lake.
Also, the Secchi disc visibility (SD) was determined.
Oxygen (DO) and temperature were determined with an optical oxygen
probe ProOdo (YSI, USA). Electrolytic conductivity was measured with a
MultiLine probe. Colorimetric measurements included: total phosphorus (TP)
and phosphate (PPO ), nitrate (V) nitrogen (NNO ), nitrate (III) nitrogen (NNO ),
4
3
2
taken with a NANOCOLOR UV/VIS spectrophotometer (MACHEREY –
NAGEL GmbH & Co, Switzerland). The amounts of ammonia (NNH ) were
4
determined on a Merck SQ118 spectrophotometer (Germany), while Kjeldahl
nitrogen (Nkj) (after mineralization with H2SO4 and CuSO4) was determined
by the distillation method with 0.1 M HCl. Organic nitrogen (Norg.) was calculated as the difference between Nkj and NNH4. TN was calculated as the
sum of Nkj, NNO , and NNO . TP (after mineralization with H2SO4 and K2S2O8)
3
2
and PPO4 were determined using ammonium molybdate (VI) and SnCl2 (λ =
690 nm). Organic phosphorus (Porg.) was calculated as the difference between
TP and PO4. BOD was determined by the dilution method. Chlorides (Cl–)
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were determined by titration with AgNO3. Chlorophyll a (Chl a) was analyzed by colorimetry, after concentration on a Whatman GF/C glass-fiber filter
and extraction with acetone (650 and 750 nm). The analyses were complient
with the common hydrochemical research methodology (Hermanowicz et al.
1999). The main assessment indicators of a lake’s trophic status are concentrations of nitrogen and phosphorus, oxygen, water transparency and the
content of chlorophyll a. In addition, indicators of biotic and abiotic components are applied.
One of the most popular indicators is the Carlson Trophic State Index –
TSI (Carlson 1977, Kratzer, Brezonik 1981), which consists of three parameters determining numerical values for the content of chlorophyll a, total
phosphorus and Secchi disc visibility. The trophic state was determined on
the basis of the TSI using a logarithmic transformation of SD, the concentration of Chl a, TP (60-14.41 ln(SD), 9.81 ln(Chl a) + 30.6, 14.42 ln(TP) + 4.15)
(Carlson 1977), as well as TN concentration (54.45 + 14.43 ln(TN)) (Kratzer,
Brezonik 1981). Index values are in the range from 0 to 100. The higher the
value, the higher the trophic level reached by the assessed water body.
The flow rate of water in the inflows to Lake Sajmino was measured
using a VALEPORT 801 induction flowmeter (801 model, Valeport Ltd United Kingdom). Simultaneously, water was collected from the inflows, and its
physico-chemical parameters were investigated according to the methodology
mentioned above.
The statistical analysis consisted of calculations of average values and
standard deviation for the studied hydrochemical parameters of the water of
the lake and its inflows. The results showed distribution different from normal
one, and a non-parametric version of classical one-way ANOVA was used for
evaluation. The correlations between the physico-chemical parameters in the
water samples from the lake and inflows I, II, and III were determined by
the Spearman’s non-parametric rank correlation test (p ≤ 0.05). Statistical
analyses were performed using Statistica 10.0 software (StatSoft, Poland).

RESULTS
The basic physico-chemical parameters (average values and standard
deviation) of water of Lake Sajmino and its inflows are collected in Table 1.
The Spearman’s correlation coefficients for the physico-chemical parameters
of the lake, including the significant ones (at the level of p ≤ 0.05) for the
lake and its inflows, are shown in Table 2. The SD of Lake Sajmino water
was typical for eutrophic lakes, and oscillated between 2.2 and 3.5 m
(Figure 2). This reflected the level of the primary production of phytoplankton determined by the Chl a concentration, reaching maximally 4.840 µg dm-3
in the lake studied. There was a significant inverse statistical dependence
between these parameters (r = –0.754).
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Fig. 2. SD and concentration of chlorophyll a (Chl a) and seston in Lake Sajmino

Primary production depended on the availability of biogenic elements.
During the investigations, concentrations of nutrients were found not to be
very high, oscillating between 1.030÷1.740 and 1.040÷1.960 mg N dm-3 for
TN, and between 0.078÷1.173 and 0.086÷0.266 mg P dm-3 in the case of TP,
in the surface and benthic compartments of the lake water, respectively.
In both water layers, the organic form prevailed in the total amount of these
elements, constituting 82÷94% Norg. and 60÷88% Porg. respectively.
In the surface layer, the ratio of nitrogen to phosphorus (8.3 < N/P
<14.2) had the lowest value in August, at the poorest visibility (Figure 3).
A significant statistical dependence between the N/P ratio and the seston
amount in the lake water was found (r = –0.809). The mutual relationships
between SD and Chl a, TN, DN concentrations, making up the total TSI,
indicate the eutrophic character of the lake (Table 2).
The TN concentration in the surface layer of the lake water was closely
related to PPO (r = 0.743), BOD (r = –0.802 and Cl- (r = 0.964). The BOD for
4
this water layer was in the range of 0.8 to 5.2 mg O2 dm-3 while varying from
1.6 to 4.0 mg O2 dm-3 in the benthic compartment.
The Spearman rank method showed that the values of the parameters
measured in the surface layer of the lake water were significantly correlated
with the parameters of the water of the inflows (Table 2). The Chl a concentration in the lake water depended primarily on NNO introduced by the
2
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Fig. 3. Electrolytic conductance of surface water of the lake and its inflows (I-III)

inflows (r = I: 0.730; II: 0.881; III: 0.807), as well as on NNH in inflow I
4
(r = 0.786) and suspension carried by inflow III (r = –0.720).
The values of most of the chemical parameters determined in inflowing
water varied statistically (Table 1). This was above all manifested by TN and
NNO3 concentrations, and TP and PPO concentrations. The highest TN concen4
trations (7.500±1.20 mg dm-3) were found in inflow II, and the element occurred mostly (55÷93%) as NNO . The highest TP concentrations occurred in
3
inflow I (0.626±0.286 mg P dm-3). The contribution of the mineral form into
TP reached 30÷84%, which was lower than in the case of minerl N in TN.
The water of inflow II was characterized by the highest electrolytic conductance (Figure 3, Table 1). The values were correlated with TN (r = 0.857).
Also, the highest Cl- concentrations, reaching 70 mg dm-3, were observed in
inflow II. The amount of suspension in water of the streams changed very
significantly. This was confirmed by the value of standard deviation exceeding the mean values (Table 1). The extreme concentration of this component, reaching 287.5 mg dm-3 in inflow II, was observed after heavy rainfall.
The highest load of nutrients was contributed by inflow I (38% TN and
43% TP). Taking into account the nutrients fed from the zone’s zonal sources, it was estimated that in total, 112.0 kg P and 1589.7 kg TN flew into the
lake annually, including 8.5 kg TP and 49.8 kg TN as a result of leisure activities (bathing and angler’s bait) – Figure 4.
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Fig. 4. External load to Lake Sajmino by (a) TN and (b) TP (kg/year)

DISCUSSION
Because of the diversified management of its anthropogenically transformed catchment area, Lake Sajmino is a recipient of pollutants originating
from various sources. Although limiting the surface runoff of rainwater by its
redirection outside the topographic catchment area is probably beneficial for
the lake’s protection (Ejankowski, Lenard 2014), it was found that the loads
imported to the lake were found to exceed the values considered as permissible ones (Vollenweider 1976). Taking into account the actual area flow and
recreational use of the lake, acceptable levels were exceeded by approx. four
-fold for TP and 3.8-fold for TN. The highest nutrient load was carried by
inflow I (Figure 4).
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Extremely high concentrations of nitrates were found (exceeding
7.000 mg N dm-3) in water of inflow II. Values of electrolytic conductance
reached 864 µS cm-1. This water also carried significant amounts of suspension, reaching 287.5 mg dm-3 after heavy rainfall. This indicates possible
wastewater pollution, probably resulting from an overflowing sewage system
or septic reservoir leakage. (Grochowska, Tandyrak 2010). The significant
correlation between TN in the lake and PPO (0.743), BOD (–0.802) and Cl–
4
(0.964) in lake water may be interpreted in a similar way.
Our studies showed that pollution carried directly by the watercourses
contributed to the intensification of primary production. For most partial
indices, the value of the TSI index indicated the eutrophic character of the
lake.
In the discussed case: TSI (TP – 72.7) > TSI (TN – 57.6) > TSI
(SD – 44.7) > TSI (Chl a – 42.8). The dependencies between the values of
these indices suggest (Kratzer, Brezonik 1981, Brown, Simpson 1998, Saghi
et al. 2014, Napiórkowska-Krzebietke et al. 2016) that the low transparency
of water may be caused by a high concentration of dissolved organic matter,
turbidity (resulting from the presence of suspension limiting the access of
light), or the water’s own colour. Simultaneously, phytoplankton probably
significantly affected the visibility of the water, although its occurrence
might be limited by many factors, for instance, limitation by nitrogen,
zooplankton feeding, or toxic compounds.
SD is directly connected with primary production, and thus with the
fertility of the lake and the availability of mineral forms of nitrogen and
phosphorus, necessary for this production. The N/P ratio determined the
occurrence of algal blooms. If the ratio has a low value, particularly noxious
blue-green algae can occur in the water (Xie et al. 2003, Nöges et al. 2007),
having a negative effect on the aesthetic value of the lake and the smell of
its water. With an N/P value as in the discussed case, blue-green algae are
likely to develop. Their presence is always undesirable, because they release
toxic metabolites into the water (Naselli-Flores et al. 2007, Bláha et al.
2009, Giddings et al. 2102) frequently preventing the lake from performing
the function of a bathing area (Oberholster et al. 2006).
However, one should note the high partial TSI (SD) and the fact that the
benthic compartment of the lake water contained oxygen (43÷17% O2) in the
whole plant growing period, which is a characteristic feature of moderately
trophic lakes. This is confirmed by the content of Chl a ≤ 4.84 µg dm-3
characteristic for mesotrophy (Kasprzak et al. 2008), and by the amount of
dry mass of seston (0.8÷3.1 mg dm-3) – Figure 2.
The degree of the lake’s eutrophication and the intensity of mixing its
water were connected with the oxygen content in the epilimnion. The water
was hyperoxygenated during the study (from 122.6 to 96.6% O2). On the
other hand, no oxygen depletion in the benthic compartment during the summer stagnation was observed, and therefore there was no danger of internal
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feeding of the water. In the vertical oxygen distribution, a deficiency of the
gas was evident, which is characteristic for mesotrophy. However, a positive
heterograde, characteristic for this type of waster bodies (Grochowska et al.
2006), was not observed in the metalimnion.
Electrolytic conductivity indicates the degree of the water pollution with
mineral compounds. Marszelewski (2005) analysed the electrolytic conductivity of lakes in northern Poland and distinguished a group of eutrophic lakes
where the EC values were from 200 to 400 µS cm-1. Conductivity of the water
in Lake Sajmino ranged from 388 to 462 µS cm-1 (Figure 3), and in the inflows it varied between 231 and 864 µS cm-1 (Figure 3). Marszelewski (2005)
reports that electrolytic conductivity along the water column in heavily
eutrophied lakes in summer differs, with the values increasing toward the
bottom. In Lake Sajmino, the conductivity increased with the depth (Figure 3).
High electrolytic conductivity of this lake’s water is related to the input of
polluted inflows water.
All this may indicate that the eutrophic state of Lake Sajmino is still
unsettled, intermediate between meso- and eutrophy (Kuehl, Troelstrup
2013), but unless action is taken within the lake’s catchment area, it will
probably stabilize as the so-called turbid state. The transfer of a lake system
from the so-called pure-water state to the turbid state occurs rapidly, while
the reverse process is very slow (Hargeby et al. 2007, Tátrai et al. 2009), and
only a dramatic change in the environmental conditions may yield a chance
to accelerate it. Therefore, knowing the potential hazards, one may strive to
enforce proper protection methods and undertake adequate action at the
stage when the trophy of the lake has not advanced to the eutrophic state
permanently.
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