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Abstract: Summer field research and chemical analyses in 2015 provided the basis for the presentation of the trophic status of waters of 
28 lakes of the Suwałki Landscape Park in NE Poland, located in the catchment of the River Neman, in the Natura 2000 area – Ostoja 
Jeleniewska. Lakes Hańcza and Szurpiły are currently mesotrophic ecosystems. The remaining lakes are moderately eutrophic, while four 
lakes in the group, in addition to anaerobic hypolimnion, have infertile epilimnion similar to that of mesotrophic lakes. Lake Hańcza shows 
considerable multiannual dynamics of water fertility, periodically reaching a  status approximate to eutrophy. In Lake Szurpiły and the 
majority of smaller lakes of the Suwałki Landscape Park, reduced precipitation in 2015 resulted in an inconsiderable decrease in trophic 
status. The lakes are under the strong influence of their catchment area, as confirmed by statistically significant correlations between TSI and 
the Ohle and Schindler ratios. Lakes Kluczysko and Kopane currently remain the most fertile lakes in the Park. Unless rapidly developing 
cattle breeding leads to excessive fertilisation of waters in the catchment, the forecasted variability of weather conditions during global 
climate transformations will lead to fluctuations in the fertility of the majority of the analysed lakes at the threshold of meso- and eutrophy. 
A hypothesis is also stated regarding the considerable role of groundwater alimentation and short retention time in the maintenance of 
higher than average resources of silica in limnic waters.
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Introduction

The post-glacial lakes of Central Europe are sub-
ject to evolution, usually under a harmonious influence 
of environmental factors in spite of the occurrence of 
periodical stressors in the form of extreme climatic or 
hydrological events, or over the last century, human ac-
tivity disturbing the character of circulation of biogene 
elements (Hillbricht-Ilkowska 2005). The morpho-
metric and mictic variability of lakes together with the 
mosaic of vegetation of the lakeland landscape results 
in a  temporal variability of the rate of increase in the 
trophic status (Zdanowski 1982).

In conditions of increasing anthropogenic eu-
trophication of lakes of the moderate zone, in the 
second half of the 20th century, along with costly rec-
lamation measures or changes in water management, 
activities aimed at limiting the unfavourable trend of 
changes occurring in lake ecosystems were initiated. 
One of the approaches was the development of new legal 
forms of protection of lakes together with their catch-
ment areas in the most environmentally valuable areas. 

The establishment of landscape parks commenced in 
Poland. Such a system of catchment management, less 
restrictive than in national parks, aimed to reduce the 
growing pressure of fishery and tourism on the lakes, 
and limiting the development of industry (Symonides 
2007). The first Polish landscape park, established in 
1976, was the Suwałki Landscape Park. Its establish-
ment was associated with proposals to construct deep 
mines for metal ores (Fe, Ni, V) in the area.

The assessment of the efficiency of 40 years of 
protection measures concerning both catchment and 
lakes in the landscape park is the primary objective of 
this paper. The assessment of the current state of the 
lakes involved hydrochemical analyses of waters per-
formed in summer 2015, and earlier by the Department 
of Hydrobiology of the University of Białystok and other 
research teams. By documenting the fertility of waters, 
we determine the potential role of a bottom-up develop-
ment of the biotic culture of the ecosystem, closely relat-
ed to both local and supraregional phenomena, among 
which are changes of climate and atmospheric pollution.
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Studied lakes

The dominant element of the Suwałki Land-
scape Park is a group of 28 lakes, including Staw Tur-
tul – an artificial lake on the River Czarna Hańcza 
(Table 1). They are post-glacial lakes, partly of neo-
tectonic origin, mainly located in an extensive depres-
sion drained by the River Szeszupa (Ber 2000). Five 
small lakes exist on the course of the River Szeszupa 
in the Suwałki Landscape Park (Fig. 1). The catch-
ment of the River Czarna Hańcza, which like the River 
Szeszupa belongs to the catchment of the River Ne-
man, includes two lakes, one natural and one artifi-
cial, including the deepest lake of the Polish Lowland, 
namely Lake Hańcza (105.6 m in depth) (Popielarczyk 
et al. 2015). It is a  channel lake, although the domi-
nant type in the area are kettle lakes. Many of them 
occur in clusters as a  result of the Holocene defrag-
mentation of lake basins determined by spatial di-
versification of limnic sedimentation alternated with 
peat-forming processes in periods of reduced water 
levels in lakes (Lauterbach et al. 2011). The number 
of closed-drainage, flow-through, and drainage lakes 
in the Park is approximate, while many lakes have 
been artificially incorporated into the surface wa-
ter network through systems of melioration ditches. 
Due to the morphometric diversity of lakes of the 
young glacial landscape with cratonic distribution of 
groundwaters, the groundwater alimentation of part 
of the lakes with various surface areas constitutes an 
important element of the water balance (Bajkiewicz-
Grabowska 2002). This contributes to the variability 
of water stages in the multiannual and annual cycle 
(Górniak and Piekarski 2002), variable matter circula-
tion, and development of rarely encountered assem-
blages of plants, plankton, benthos, or structure of the 
nekton (Hillbricht-Ilkowska 1994; Zdanowski et al. 
2008). Moreover, the long settlement tradition of the 
region, including the settlement of the Yotvingians at 

the end of the Middle Ages (Engel 2016), resulted in 
changes in the forest cover of the catchment, leading 
to transformations of the fluvial-limnic system, cur-
rently distinguished by its relatively natural character 
(Hillbricht-Ilkowska 1990).

Besides its geological structure, the Suwałki 
Landscape Park is distinguished by the lowest mean air 
temperature in the lowland part of Poland, and evident 
pluvial continentalism of the climate (Górniak 2006). 
In the context of the global climatic changes of the last 
15 years (2001–2015), an increase in the mean annual 
temperature and the summer period was recorded in 
comparison to the period 1986–2000. A  higher than 
average mean precipitation total in July and August, as 

Table 1. Range of water parameters in the epilimnion of lakes in the 
Suwałki Landscape Park in 2003 (Górniak et al. 2006) and in 2015 
(recent study)

Parameter Units
2003 2015

min max min max
Secchi Disc m 0.7 6.4 1.0 5.95

pH – 6.5 8.4 7.4 8.3
oxygen % 72 268 81 138

EC μS cm–1 147 665 139 505
TP μg P dm–3 96 513 49 155

N-NH4 μg N dm–3 139 460 1.0 216
N-NO3 μg N dm–3 0.0 66 0.5 212

Si mg dm–3 0.2 7.0 0.2 1.88
Chlorophyll-a μg dm–3 0.4 17.2 0.5 49.5

Fig. 1. Seasonal changes of selected climate parameters in NE Po-
land in the years 1986–2015 (data for Suwałki, located close to SLP)

Fig. 2. Correlation between mean lake depth and epilimnion Si con-
centration in summer 2015. A and B – groups of lakes
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well as an early spring shortage of water resources in 
the catchment is magnified, as evidenced by the nega-
tive value of the difference between precipitation and 
evapotranspiration (Fig. 2). The summer of 2015, when 
the field research was performed, was distinguished by 
high air temperature. Precipitation was considerably 
lower than the mean multiannual value, with signs of 
hydrological drought.

Methods

Field research on 28 lakes of the Suwałki Land-
scape Park was undertaken in July and August 2015. 
Field measurements included Secchi disc visibility, elec-
trometric measurements of electrolytic conductivity, 
temperature, pH, and oxygen concentration by means 
of HAACH sensors in the lake’s profile. Water samples 
for chemical analyses were collected from three layers, 
namely the epi-, meta-, and hypolimnion. In shallow 
lakes, a  single sample was collected from the surface 
1.5 m water layer, usually outside the emergent plant 
zones. In the laboratory of the University of Białystok, 
on the same day, total nitrogen was analysed by means 
of a Shimatzu analyser, total phosphorus after miner-
alisation by the spectrometric method, and chlorophyll 
a after extraction with hot ethanol by means of a GF/C 
filter with plankton. The study also used data obtained 
in 2003 from research with a similar scope (Górniak et 
al. 2007), archival data of the Department of Hydrobi-
ology of the University of Białystok, and hydrochemical 
data from communications and studies of the Voivod-
ship Inspectorate of Environmental Protection con-
cerning the studied lakes in 2010 and before 2003. Cli-
matic data from the period 1986–2000 were obtained 
from a  paper by Górniak (2006), and meteorological 
data for Suwałki station, available on www.tutiempo.
net. Trophic indices were calculated in accordance with 
formulas proposed by Carlson (1977), Kratzer and Br-
ezonik (1981) and Dunalska (2011).

Results

The lakes of the Suwałki Landscape Park have 
a variable chemical composition of waters. Particularly 
soft lakes are encountered here, with conductivity be-
low 200 μS cm–1 (Boczniel, Pogorzałek), as well as lakes 
with waters with considerable hardness with an EC of 
approximately 500 μS cm–1 (Purwin, Purwinek, Łuśnin) 
(Table 1). In the epilimnion of deep lakes with summer 
thermal stratification of waters, EC values are lower by 
20–60 μS cm–1 than in the meta- and hypolimnion. The 
waters have a slightly alkaline or neutral reaction. The 
surface water layers in the lakes are aerated. Oxygen is 
present only in the hypolimnion of two lakes (Hańcza, 
Szurpiły). In the remaining lakes, the near-bottom lay-
ers are devoid of oxygen (Table 2). The presence of nu-
trients (N, P, Si) is variable in the lakes, although the 
concentrations of N-NO3, N-NH4 and TP were moder-
ately low in both deep (Table 2) and shallow lakes (Ta-
ble 3). Only in four out of the 28 studied lakes of the 
Suwałki Landscape Park were TP concentrations higher 
than 0.1 mg P dm–3, and TN concentrations were always 
lower than 1mg N dm–3. The presence of organic carbon 
compounds (TOC) in the photic layer of the analysed 
lakes did not exceed 10 mg C dm–3. Concentrations of 
dissolved silica in the waters of the epilimnion varied in 
a wide range from 0.18 to 1.9 mg dm–3, whereas a statis-
tically significant correlation exists involving a decrease 
in the concentrations with an increase in the mean 
depth in two groups of lakes with a threshold concen-
tration of 0.8 mg dm–3 (Fig. 2).

A  statistically significant inversely proportional 
correlation was also recorded between mean depth of 
the lakes and Si concentration, but in two groups of 
lakes differing in hydrological terms (Fig. 2). Only the 
six deepest lakes of the Suwałki Landscape Park are 
characterised by values of the Carlson trophy indices 
(1977) below 50, typical of mesotrophy. For the remain-
ing lakes, the values suggest eutrophic status (Table 4). 

Table 2. Summer (July/August) epilimnion data and oxygen presence near the bottom of deep (zmax > 10 m) lakes in the Suwałki Landscape 
Park in 2015. Explanation: zmax – maximum depth, EC – specific conductivity, SD – Secchi disc depth, TP – total phosphorous, TN – total 
nitrogen, TOC – total organic carbon, Si – silica. Lake area and maximum depth according to Borowiak et al. 2016. Oxygen: + present in the 
hypolimnion, – absent in the hypolimnion

Lake Area [ha] zmax [m] EC [µS cm–1] SD [cm] TP [mg dm–3] TN [mg dm–3] TOC [mg dm–3] Si [mg dm–3] Oxygen 
Hańcza 303.6 105.6 275 420 0.091 0.54 4.99 0.18 +
Jaczno 40.6 25.7 433 290 0.054 0.18 2.77 1.28 –
Jeglówek 20.1 27.7 337 595 0.054 0.49 5.99 0.94 –
Kamenduł 25.3 26.2 426 250 0.091 0.24 3.14 1.31 –
Kluczysko 3.7 13.8 328 nd 0.125 0.59 7.12 1.89 –
Kojle 17.3 32.3 363 440 0.054 0.30 4.08 0.83 –
Kopane 16.2 18.8 342 120 0.061 0.47 6.15 1.00 –
Perty 19.5 32.6 354 490 0.061 0.30 4.75 1.11 –
Pogorzałek 5.8 17.6 186 160 0.064 0.45 7.28 0.39 –
Szurpiły 84.3 47.1 349 290 0.061 0.39 4.27 0.46 +
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The maximum TSI value was recorded in Lakes Klu-
czysko and Kopane in the catchment of the Szurpiłka 
Stream. The TSI values, calculated based on TN con-
centrations, are considerably lower than TSI values 
according to Carlson (1977) and calculated for TOC 
(after Dunalska 2011). TSI(TN) values show a statisti-
cally significant correlation (r = 0.71, p < 0.005) with 
TSI(TOC), while no significant statistical correlation is 
observed between either of the indices and TSI accor 	
ding to Carlson. In Lakes Perty and Boczniel, TSI(TOC) 
values are higher than TSI according to Carlson, sug-
gesting a  higher than average abundance of organic 
matter in the waters (Table 4).

Discussion

In the area of the Suwałki Landscape Park, only 
the two largest Lakes, Hańcza and Szurpiły, are of 
mesotrophic character. The remaining 25 natural lakes 
belong to a group of eutrophic lakes. The summer ep-
ilimnion of four deep lakes (zmax > 25 m) in the Park 
such as Lake Jaczno, Jeglówek, Kojle, and Perty, show 
low fertility typical of mesotrophic lakes (TSI 44–48), 
although the hypolimnion of the lakes is entirely devoid 
of oxygen, and in the context of the OECD classifica-
tion (Vollenweider 1989), this evidently suggests that 
their character is eutrophic. The low productivity of the 
epilimnion in the said four eutrophic lakes has been 
maintained over a  considerable period (Table 5), and 
in the 1980’s small amounts of oxygen were recorded 
above the bottom of Lake Jeglówek (Hillbricht-Ilkows-
ka 1990). Moreover, the high ratio of TN:TP amounting 

Table 3. Summer (July/August) data for surface water layer of shallow lakes in the Suwałki Landscape Park in 2015. Explanation: zmax – maxi-
mum depth, EC – specific conductivity, TP – total phosphorous, TN – total nitrogen, TOC – total organic carbon, Si – silica. Lake area and 
maximum depth according to Borowiak et al. 2016

Lake Area 
[ha]

zmax
[m]

EC
[µS cm–1]

TP
[mg dm–3]

TN
[mg dm–3]

TOC
[mg dm–3]

Si
[mg dm–3]

Boczniel 19.2 3.9 139 0.071 0.49 8.23 0.69
Gulbin 7.4 9.1 436 0.090 0.42 4.39 0.77
Jeglóweczek 1.8 8.3 250 0.049 0.54 7.33 0.46
Krajwelek 8.8 5.5 434 0.047 0.48 4.50 1.20
Linówek 2.9 5.9 246 0.091 0.56 7.56 0.73
Łuśnin 0.5 3.0 505 0.101 0.39 4.26 0.28
Muliste 2.7 4.8 393 0.155 0.73 9.40 1.36
Okrągłe 15.0 7.4 440 0.064 0.43 4.54 0.68
Postawelek 3.4 4.0 447 0.068 0.37 4.58 0.64
Przechodnie 23.9 5.4 410 0.061 0.46 5.92 1.63
Purwin 1.4 4.3 503 0.061 0.45 5.53 0.72
Purwinek 0.4 3.3 502 0.152 0.25 3.53 0.77
Snołda 0.5 4.5 452 0.057 0.38 5.36 1.43
Ślepak 1.2 >7.0 407 0.088 0.25 3.20 1.23
Udziejek 7.0 6.9 363 0.061 0.51 5.27 1.39
Wodziłki 3.7 5.4 480 0.054 0.45 5.90 1.57
Staw Turtul 4.0 3.5 359 0.098 0.39 5.28 0.54

Table 4. Trophy state index for lakes of the Suwałki Landscape Park 
in 2003 (according to Górniak et al. 2006) and 2015 – this study. 
Trophy index for Secchi disc, chlorophyll-a, TP according to Carl-
son (1977), for TN according to Kratzer and Brezonik (1981), and 
for TOC according to Dunalska (2011)

Lakes TSI (SD, Chl, TP) TSI (TN) TSI(TOC)
Boczniel 50.3 44.2 53.7
Gulbin 57.9 42.0 43.8
Hańcza 47.1 45.6 45.8
Jaczno 45.6 29.8 36.6
Jeglóweczek 51.4 45.4 51.9
Jeglówek 44.8 44.2 48.7
Kamenduł 52.0 33.7 38.6
Kluczysko 66.7 46.8 51.4
Kojle 44.7 37.3 42.7
Kopane 58.9 43.5 49.1
Krejwelek 56.5 43.7 44.2
Linówek 56.1 46.0 52.4
Łuśnin 58.0 40.9 43.4
Muliste 50.3 49.9 44.4
Okrągłe 56.2 42.3 45.1
Perty 44.6 37.2 52.4
Pogorzałek 57.1 43.0 51.8
Postawelek 55.0 40.0 44.5
Purwin 56.8 42.8 47.5
Purwinek 60.2 34.6 40.4
Przechodnie 53.0 43.1 48.5
Snołda 52.3 40.4 47.0
Szurpiły 49.9 41.0 43.4
Ślepak 53.2 34.4 38.9
Udziejek 58.6 44.6 46.7
Wodziłki 53.1 43.1 48.5
Staw Turtul 52.3 41.0 46.7
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to more than 20 in the lakes suggested that plankton 
productivity is limited by phosphorus. The N:P values 
in the epilimnion of the lakes of the Suwałki Land-
scape Park are currently lower (4–8). This suggests an 
increase in the availability of phosphorus for algae as 
a result of slow eutrophication of lakes. Only in Lakes 
Jeglóweczek and Krajwelek, does the value of the N:P 
ratio slightly exceed value 10, documenting optimum 
habitat conditions for the development of algae. Lake 
Linówek, with catchment features typical of dystrophic 
lakes, currently has the character of a harmonious lake 
in hydrochemical terms. It can be described as humo
eutrophic (Górniak 1996). Staw Turtul, constituting an 
artificial lake on the River Czarna Hańcza recorded on 
maps from as long ago as the 18th century, also has fea-
tures of a moderately eutrophic lake.

The recorded hydrochemical status of the lakes 
of the Suwałki Landscape Park in 2015 and comparison 
with previous research shows that for the majority of 
the lakes, the state of fertility has been subject to slight 

changes over the last 30 years, with periodical fluctua-
tions with low amplitude of the trophy index. In sum-
mer 2015 a decrease in the trophic status was recorded 
in in the majority of the lakes in comparison to research 
from 2003 and 2009 (Table 5). One reason for this fall 
was the exceptionally warm and dry summer of that 
year, which reduced the catchment inflow of the bio-
gene load. This is of great importance for the lakes of 
the Park, where the role of the catchment in the devel-
opment of trophic status is considerable. This is con-
firmed by the statistically significant, directly propor-
tional correlation between the Schindler ratio (ratio of 
the surface area of the catchment to the lake’s volume) 
and TSI (Fig. 3). Additionally, the Ohle ratio (ratio of 
the surface area of the catchment to the lake) turns out 
to be important for the development of the trophic sta-
tus of the lakes of the Suwałki Landscape Park. It is de-
scribed by the following linear correlation: TSI = 1.794 
ln(A) + 47.2, where A is the value of the Ohle ratio (r2 = 
0.55, p < 0.001). Therefore, the discussed group of lakes 
in the case of the occurring periods of spring or sum-
mer drought will show a decrease in trophic status, and 
higher than average humidity of the vegetative season 
will be accompanied by an increase in lake trophy.

The presented response of lakes to variable hy-
droclimatic conditions of the catchment would seem 
to be probable for smaller and medium-sized lakes, as 
indicated by Bajkiewicz-Grabowska (2002). In Lake 
Hańcza, the documented changes of the trophic status 
from 1984 suggest a  broad range of variability from 
oligotrophy to eutrophy, with dominant mesotrophic 
status (Fig. 4). The multiannual dynamics of fertil-
ity of the lake’s waters results in changes in the struc-
ture of phytoplankton which is the fastest to respond 
to any manifestations of hydrochemical stress. During 
the highest increase in the lake’s trophy in 2007 (TSI 
= 50.4), a diatom-cyanobacterial assemblage of plank-
tonic algae was recorded, different to those occurring 
in infertile lowland lakes (diatom-cryptophytic) (Huto-
rowicz and Napiórkowska-Krzebietke 2008). Data from 

Table 5. Long-term changes of Carlson’s trophy index (TSI) for se-
lected lakes in the Suwałki Landscape Park between 1983 and 2015; 
trophy index according to Carlson (1977) and calculated based on 
data for TP, TN, and Secchi disc depth. Data 1 – Hillbricht-Ilkowska 
1994, 2 – Górniak et al. (2006), 3 – Jekatierynczuk-Rudczyk et al. 
2014, 4 – this study, n.d. – lack of data

Lake 1983/19851 20032 20093 20154

Szurpiły 41 59 54 50
Kamenduł 54 56 55 52
Perty 37 43 40 45
Jeglówek 39 52 44 45
Kojle 44 52 54 45
Przechodnie 59 n.d. 60 53
Okrągłe 57 n.d. 61 56
Krajwelek 61 61 62 56
Kluczysko 46 70 n.d. 67
Kopane 49 61 n.d. 59
Udziejek 59 64 63 59
Pogorzałek n.d. 60 66 57
Linówek n.d. 53 51 37

Fig. 4. Long-term changes of Trophic State Index (according to Carl-
son (1977)) in Lake Hańcza; data from 1984 to 2007 collected by 
Zdanowski et al. 2008, data 2009 from Jekatierynczuk-Rudczyk et 
al. 2014, data 2010 from Voiv. Inspect. Environ. Protec. in Białystok, 
2015 – this study

Fig. 3. Correlation between Schindler’s ratio and Carlson’s TSI (cal-
culated from TP and chlorophyll-a in 2015) for lakes in the Suwałki 
Landscape Park
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2015 document the presence of a diatom-chlorophytic-
cryptophytic assemblage (Karpowicz et al. 2016). This 
suggests an increase in the abundance of nitrogen in 
the waters. A  lengthy period of water retention time 
in the lake, high hydrochemical inertia of deep lakes, 
and good oxygenation of the hypolimnion make the 
occurrence of the phenomenon of internal supply of 
biogenes contained in sediments to the lake’s waters 
impossible. Therefore, the low trophic status of the lake 
can be maintained, unless the recently developing cattle 
breeding activities in the catchment area lead to exces-
sive fertilisation of rivers, particularly by organic nitro-
gen compounds, as documented in the neighbouring 
catchment of the River Szeszupa (Górniak 2016).

New and important information regarding the 
lakes of the Suwałki Landscape Park obtained during 
research in 2015 document the existence of two groups 
of lakes with similar morphological parameters of their 
lake basins, but different Si concentrations in summer 
epilimnion (Fig. 2). The detailed analysis of both groups 
of lakes and the abiotic parameters of the catchment re-
veals the important role of the hydrological factor in the 
development of the variability of Si concentrations in 
waters. Lakes with Si concentrations lower than 0.8 mg 
dm–3 (like B group in Fig. 2) belong to the group with 
long retention time, often closed-drainage lakes, where 
development of algae, and particularly diatoms, leads 
to gradual exhaustion of Si resources. Lakes with Si 
concentrations of more than 0.8 mg dm–3 in 2015 (like 
group A  in Fig. 2) are characterised by an increased 
rate of water exchange, or considerable groundwater 
alimentation. Groundwaters circulating in silicate post-
glacial sediments and riverine waters contain consider-
able amounts of this element (Mazurek 2008). There-
fore, short period of limnic retention or existence of 
groundwater inflow ensures its increased presence in 
lakes. Lack of direct groundwater alimentation of lakes 
and its utilisation mainly by phytoplankton results in 
a substantial reduction of dissolved Si concentrations, 
particularly evident in rivers flowing through lakes or 
artificial dam reservoirs (Conley and Struyf 2010). The 
basic hypothesis on the importance of groundwater ali-
mentation in the development of silica resources in lake 
waters requires further investigation and field research 
with a higher degree of detail.
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