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Abstract

The aim of this paper was the presentation and aosgn of seasonal biogens changes and trophy
state classification of two biggest shallow coalktiats Gardno and tebsko, located in the northern
part of Poland, along the southern coast of thédaka.

Measurements were conducted once a month from Apidecember 2007. For the purpose of
this article at each lake one measurement statamsslected, to represent well mixed area of the
lakes, far from outlet to the sea and rivers. Reréa measurements showed that the lakes are
similar. The differences, observed between biogemeentration in lakes were statistically insig-
nificant. Seasonal dynamics of nutrients conceiomman lakes indicated that the lakes are typical
shallow lakes. Moreover, the summer concentratfcotal nitrogen and phosphorus qualify these
lakes as eutrophic.
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INTRODUCTION

Shallow estuarine lakes are very dynamic waterystesis with constant fluctuations
in physical and chemical parameters. As opposebie often-studied deeper, dimic-
tic inland lakes they are characterized by: (Acklof stable long-term thermal stratifi-
cation, (ii) frequent mixing of entire water colungii) substantial internal loading of
nutrients from the sediments to water column. Hexe@ach of these lakes considera-
bly differs one from another. The differences assoaiated with the distance in
straight line of the lake basin to the sea andrtemsity strength of the sea, morpho-
metric parameters, coefficient of exposure, andjtradity of lake basin i.e. anthropo-
pression level (Ciinski 2004, Trojanowski 1990, Trojanowski et al. 1991

At the Polish Baltic Coast are many estuarine snalt bigger lakes such as: Bu-
kowo, Jamno, Kopa Wicko, Dotgie Wielkie, Gardno, tebsko, and desgitsimilar
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genesis and geomorphological type (Paturej 2008y thffer in hydrological and
hydrochemical conditions.

The aim of this paper is the presentation and coisgpaof: (i) general properties of
two shallow coastal lakes Gardno and tebsko, €i#lsenal biogens changes in both
lakes, and (iii) current trophy state classificatio

MATERIAL AND METHODS
Studies area

The studies were carried out in two estuarine laéesdno (54°39,417°07,1) and
tebsko (54°42,8 17°24,7), located in the northern part of Poland alongdbeth-
ern coast of the Baltic Sea (Fig. 1). The lakessttuie part of the Slovinski Na-
tional Park, and are the two largest coastal lakes.

The low depth, large surface area, and good expdsuwvinds (Tab. 1) enable a full
mixing of lakes water in vertical profile. As a ulisthese lakes are regarded as

Table 1
Morphometric parameters of lakes (source Atlaojezil997)
Lake
Parameter
Gardno tebsko

Area, knf 24.68 71.40
Volume, thous. rh 30950.5 117521.0
Mean depth, m 1.3 1.6
Maximum depth, m 2.6 6.3
Shoreline, km 23.35 55.88
Exposure coefficient 1898.5 4462.5
Altitude, m 0.3 0.3
Development of shoreline 1.33 1.87

polymictic basins in which no thermal or oxygenasfication is observed (Tro-

janowski et al. 1991, Trojanowski 2003a). Moreovarplished data (Cydzik and

Soszka 1988, Atlas jezior... 1997, Trojanowskiletl891) showed that both lakes
are susceptible to degradation and high nutrienceotrations caused that lakes
were classified as eutrophic.
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Fig. 1. Location of sampling stations in lakes Gar@nd tebsko

Lake Gardno

Lake Gardno is connected with the Baltic Sea thinaihg tupawa Channel of about
1500 m length and separated from the sea waterdandy bar 800-2000 m wide
(Trojanowski 2003b). Gardno is supplied by the watethe tupawa River and se-
veral smaller rivers: Bagiennica, Grabownica, Biodka and Brodna. The total
riverine inflow to the lake was estimated at 9.0% it is about 286 - Tom® yearly,
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but the Lupawa River supplies about 90% of allatefwater inflow into the basin.
A total water exchange in the lake occurs oven@4 a year (water exchange index
9.2).

Lake Gardno is shallow, with the average depth 8lio8 m (maximum depth
2.6 m). The lake surface covers a large area afita¥® knf. The emergent macro-
flora covers 4% of the lake’s surface forming offsh belt 20-200 m wide, which
constitutes a residence for many bird species. Ugecaf terrestrial runoff from its
rural surroundings and by sewage discharge fromhdtieay resort of Rowy in to
the lake, throughout the whole vegetation seasoalgad bloom is observed (Mu-
dryk and Skorczewski 2004).

Lake tebsko

Lake tebsko is connected with the sea through #tgatChannel (2800 m) and the
distance of the lake reservoir from the shorelifithe Baltic Sea is 600 m (Gien-
ski 2004). Like the majority of coastal lakes itdharacterized by a large area
of 71.4 knf. The volume of lake amounts to about 117.5 -rtif) the mean depth is
1.6 m and the maximum depth 6.3 m (Atlas jezi&®97). Several rivers discharge
into the lake, of which the dominant is the tebadRi The total inflow to the lake
was estimated at 16.9°m™. It is about 533 - 70m®. The water exchange coefficient
of 4.4 reassures a high dynamic of water exchangagla year (Chlost and Glia-
ski 2005).

Lake tebsko is not direct sewage receiver from {ppgarces, but into the lake flow
riverine waters (the Leba River) abounding withgaips.

Measurements

Measurements presented in this paper were condoaieel a month from April to
December 2007. For the purpose of this articleaahdake one place was selected,
at which the water samples were collected (FigThg stations were selected based
on many measurements of water parameters (i.eitgatonductivity, biogens con-
centration) performed in years 2006-2007 (Jarosiewnd Ficek 2008) to represent
well mixed area of the lakes, far from outlet te #ea and the Lupawa River and the
teba River in Gardno and tebsko, respectively.

The water column in the lakes was very homogendéuerefore the samples were
collected from subsurface layer.

Concentrations of respective nutrient forms: {(N¥ NON, N-total, PQP,
P-total) were measured in the laboratory usingdsteth colorimetric methods (Fi-
zyczno-chemiczne... 1976). Amount of organic fowh&N and P was calculated as
a difference between the concentration of total mieral forms. The pH and elec-
trical conductance (EC) measurements were perfottmyegotentiometric and con-
ductometric methods respectively, using adequatereldes.
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RESULTS

The water conductivity was changed (Fig. 2) in Haltes during the measurements
period, and it is difficult to determine the seasadmend of changes. In the Gardno
Lake the water conductivity varied from 0.62 mSJume to 3.19 mS in November
(average 1.74 mS), whereas in tebsko the averagductivity was about 60%
higher and amounted 2.87 mS. The minimum was obderv July, the maximum,
similar to Gardno in November — 4.26 mS. The meamual salinity, at measure-
ment stations, amounted to 0.96 and 1.58 in Gaaddd.ebsko, respectively.
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Fig. 2. Water conductivity and salinity in lakesr@@o and Lebsko
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The pH (Fig. 3) value was in the whole researchopehigh, and except April
(Gardno) and May (Lebsko) amounted to above 8. Mae the changes of
pH value were similar in both lakes, i.e. in sumrhiggher than in autumn-winter
period.

It was observed that the phosphates concentratingB/dni) were relatively stable
during the research period (Fig. 4a). Mean minBrabncentration was similar in
the lakes and amounted to 0.041 mgP/inGardno and 0.042 mgP/din tebsko.
In both cases the systematic loss of mineral pharsishin epilimnion during the
vegetative period, typical of deeper lakes, wasohserved. The summer minimum,
noted in both lakes in June (the concentrationedesad to about 0.02 mgPRjrwas
short-lived. The concentration of total P (Fig. #bjhe Gardno lake averaged 0.173
mgP/dni+0.076, and almost through whole measurement pevsirelatively sta-
ble. Only during late autumn and winter the higbencentrations of P-total were
observed. Moreover, compared with spring the sligtiease of total phosphorus in
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Fig. 4. Seasonal changes of phosphorus concemtratigP/dr) in lakes Gardno and teb-
sko, A) P-PQ, B) P-total
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summer (about 15%) was observed. The same occerwgas find in the tebsko
Lake, but the summer increase was higher and misitglev (Fig. 4b). The concen-
tration of total phosphorus during vegetative sea@mounted about 0.15 mgP/m
whereas the average for the spring/autumn/wintéogevas about 0.10 mgP/dm
The organic phosphorus constituted variable pattad phosphorus, changing from
67% to 90% in the Gardno Lake and from 22% to al&88% in the Lebsko Lake.
During the vegetative period amounts of organicgphorus were the biggest and
decreased in autumn-winter period.

During performed studies, ammonium concentratioiy. (Ba) was stable in both
lakes and amounted to about 0.07 mgN/¢@ardno) and 0.04 mgN/dn¢tebsko).
Mean annual nitrate concentration was much highsat amounted to about
0.18mgN/dmiin Gardno and 0.17 mgN/dnin tebsko. N@N concentration was
higher in winter and early spring. The summer tagaminimum in the Gardno
Lake, similar to phosphates, was short-lived argeoked in June (0.02 mgN/dmn
In the case of the tebsko Lake the decrease af Nl@oncentration was long-term
and went on from June to August, but the amountitvhtes was still high (0.1
mg/N dn?), (Fig. 5b).

Mean annual total nitrogen concentration (Fig.iBdhe Gardno Lake was about 1.4
mgN/dn?, and in the tebsko Lake it was about 1.3 mgN/dfhe nitrogen concen-
tration was very stable in the first lake (only withe spring increase to 1.65
mgN/dnT). More visible nitrogen changes were observechindase of the tebsko
Lake. Similar to Gardno, the higher total nitrogemncentrations were observed
in spring, while in the autumn the concentratiortaiél nitrogen sharply decreased
(it was not noted in Gardno). The lowest value 480mgN/dni was measured in
November.

Organic nitrogen was a dominant form of nitrogerotighout the whole study pe-
riod, constituting from 60% to above 95% in botkda (average 82%) of total ni-
trogen. Inorganic nitrogen concentration was thallest during the growth season
(about 8-9%), and its maximum attained in wintdvo{@ 40%). More important
mineral form of nitrogen was nitrate-nitrogen.

DISCUSSION

The aim of this paper was the comparison of twadalGardno and tebsko. Per-
formed measurements and analyzes showed thatkibg dae similar. Mean annual
concentrations of all measured biogens were apmie, however in the Gardno
Lake higher then in the Lebsko Lake. Moreover, gealschanges of the respective
nitrogen and phosphorus forms content had simdarse. The differences between
lakes were statistically insignificant (Tab. 2)at®&tical results showed, that only
conductivity and salinity, directly connected witC, indicates significant differ-
ences (p=0.025) between Gardno and tebsko lakdstincases the conductivity
was high and changeable. This fact confirms théwourable conditions the intru-
sions of salty water into the lakes occur, causiagsiderable increase in water sa-
linity. This is especially visible in the case bkttebsko Lake. On November 14,
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Table 2
The mean annual value of analyzed parameters @s I&ardno and tebsko
Lake
Gardno tebsko
Parameter Significance*

mean mean

annual SD annual SD

value value
Conductivity, mS 1.74 0.826 2.87 1.06 Significant (0.025)
P-PQ, mgP/dni 0.041 0.038 0.042 0.022| Non-sign (0.627
P-tot, mgP/drh 0.176 0.076 0.124 0.033| Non-sign (0.192
N-NOs, mgN/dnt 0.184 0.199 0.170 0.106| Non-sign (0.761
N-NH,, mgN/dn? 0.071 0.032 0.041 0.035| Non-sign (0.114)
N-tot, mgN/dnt 1.411 0.141 1.235 0.361| Non-sign (0.304
N/P 9.09 3.29 10.55 3.66 Non-sign (0.304)

SD - standard division
* Results of t-test (5% significance level)

2007 the sea water content amounted to above 208%44$)e station without the di-
rect influence of sea, whereas on the stationgddcaear the teba Channel it was
about 3%. (Jarosiewicz and Ficek 2008). Moreover,ttean annual conductivity in
tebsko was over 60% higher than in the Gardno L@kethe stronger influence of
the Baltic Sea on the water quality in tebsko iatkca domination of two ions:
chlorides and sodium. The lake represents groughlbrfde-sodium) according to
Szczukariew classification (Gienski 2004). In the waters of Gardno a domination
of four ions, i.e. calcium, chlorides, bicarbonaaesl sodium was observed (Sié-
ski 2004).

Seasonal changes of nutrients concentration insl&a&rdno and tebsko showed
that the lakes are typical shallow lakes as defimne&cheffer (2001). In the case of
phosphorus, it was not observed its systematic tong loss during the vegetative
period, which is characteristic of stratified lak@¥etzel 2001). In lakes tebsko
and Gardno the summer decrease of mineral phosphiordune, was short-time,
and associated with the most intensive biologic#évity. During vegetative period
phosphorus (mineral part) is rapidly incorporatatb ithe biomass of planktonic
algae and bacteria. At the same time (June) thénmuax gross plankton primary
production (GPP) was measured by Wielgat-Ryched BRychert (2008). In the
Gardno Lake GPP amounted to 3150 mg€dt and in the tebsko Lake it was
3630 mgC rif d’. The intense sediment-water contact ensures tthtitei pelagic
systems of shallow lakes, the mineral phosphorssel® associated with biological
production are quickly supplemented.
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Moreover, in vegetative season the total phosphoousentration increased in both
lakes about 15-50%. Good exposition to winds calipléh large surface area and
average depth less than two meters result in acatnsteculation of water column
and consequently in the intense sediment-watelacbms a result, a rapid return of
most sedimentated material into the water colunok f@ace. In addition, the small
average depths of Gardno and tebsko lakes (Taprdhhote the temperature in-
crease of lakes sediment, especially in summerhétigediment temperatures lead
to an increase in mineralization rates, and coregtuto an increased release of
nutrients from the sediment. Measurements perforfogdTrojanowski (1990)
showed that in case of Gardno and tebsko, the otration of P-total in sediments
was the smallest in vegetative period. MoreoveghpH values (Fig. 3) associated
with photosynthetic activity, reduce the capacityron to bind phosphorus and cre-
ate good conditions to release the iron-bound pgimsis, accumulated in sediments.
Because of significant phosphorus amounts in thersnts of Gardno and tebsko,
its supply to water column in favorable conditioczen be intensive. Trojanowski
(1990, 2003a) found, that, on average, the totakphorus concentration in sedi-
ments of Gardno and tebsko lakes amounted to &bb6es.

The concentration changes of nitrogen were onlgotme extent similar to those of
phosphorus. The differences between phosphorusitmden seasonal changes are
associated with three major features which différogen from phosphorus. Free
nitrogen can be easily exchanged between the watese and atmosphere (Wetzel
2001). In aquatic environmentkhay be a product of denitrification and can disap-
pear as gas in the atmosphere, but at the samdttoaa be incorporated into the
organic matter by the N-fixing cyanobacteria. M@ the nitrogen exchange be-
tween sediments and water is less intensive theada of phosphorus.

During summer, when total phosphorus concentratias increased, the concentra-
tion of N-total was stable from June to Septembad lower than in spring. The
spring increase of the N-total amounts in Gardrb la@bsko water column can be
attributed to gaseous nitrogen fixation.

Lack of nitrogen concentration increase during semwas caused by less intensive
reaction between sediments and water. Althoughnesds of lakes Gardno and
tebsko contain about 1.3% of nitrogen (Trojanows8®0, 2003a), much of them
can be immobilized and strongly sorbed to inorggidicles. It causes that the ni-
trogen diffusion rates are exceedingly slow. Theogen supply from sediments to
the water column is associated with the organidenaiecomposition.
Decomposition of organic material normally leadghe release of nitrogen as am-
monium nitrogen, which can diffuse into the watetuenn. In the water NH is
rapidly assimilated by algae and macrophytes ofawourable conditions, trans-
formed to nitrate. In case of lakes Gardno and kepthe relatively stable concen-
tration of NH,-N was probably a result of both processes: orgamitter decompo-
sition increases the NFN concentration and simultaneously assimilatiod aitri-
fication (in both lakes were good oxygen conditjodscreases the concentration.
Intensive nitrification process caused that theceoiration of N@N in Gardno and
tebsko was about 2.5 times higher than,NHconcentration. Moreover, because
nitrification and ammonium assimilation by algaerevéwo competitive processes,



Seasonal changes of nutrients concentration irstvatlow estuarine... 131

the decrease of assimilation rate (in winter) cdusat the N@N concentration
was 6 times higher (in December) than A¥concentration.

Performed measurements permit to determine a dumnahy level of the Gardno
Lake and the tebsko Lake. According to Wetzel (3@6dphy of a lake refers to the
rate at which organic matter is supplied by orti® leke per time unit. Productivity
of lakes depends on many physical, chemical antbdimal parameters among
which the concentration of biogens is very impdrfactor. For the determination of
the trophy of Gardno and tebsko lakes, the clasgitin proposed by Kajak (1983)
and Hilbricht-llkowska (1989) was used. The cldsatfon covers the summer con-
centration of total nitrogen and phosphorus andmsenratio N:P. The amounts of
phosphorus (P-tot) in both lakes, calculated asnnseanmer value (June — August)
fall in the range of eutrophic lakes (eutrophy >0mgP drit). Similar, the summer
ratio of total nitrogen to total phosphorus, whimounts in Gardno and tebsko
lakes to about 9, qualify these lakes as eutro@iimultaneously, the GPP values
measured for both lakes during the growing seasd?007 (Wielgat-Rychert and
Rychert 2008) classified the lakes as eutrophicceming to OECD classification —
eutrophic >1000 mgC ¥hd* (Wetzel 2001). However, the comparison of present
results with measurements performed in the 80s. @jias part of surface water

WGardno @ Gardno
06 Dtebsko 6 oOtebsko
t g
% 0.4 z 4
E EUTROPHY g EUTROPHY
0.2 2
: . 0 B

1980 2007 1980 2007

. EUTROPHY l
EGardno|

Otebsko|

i N N

1980 2007

Fig. 6. Changes of some hydrochemical indices kedaGardno and tebsko in years 1980
and 2007

monitoring programme (Cydzik and Soszka 1988) iaidis a significant improve-
ment of water quality in lakes. In case of the Gardake the concentration of total
nitrogen and phosphorus decreases 5-fold, and liskoe4-fold. Data for compari-
son from 1980 were presented as average concentratlue of total nitrogen and
phosphorus in lakes, but even the smallest coratéoris of nitrogen (in Gardno
3.5 mgN dn; in tebsko 3.2 mgN dif) and phosphorus (in Gardno 0.3 mgP%im
in Lebsko 0.4 mgP dif) are about two times higher. The ratio N:P stayshe same
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level. The improvement of the lakes quality is sufeof several, overlapping factors
related to the political and economic transfornmaiio Poland. Much lower quanti-

ties of fertilizers applied and construction of anitipal wastewater treatment plant
(Witek and Jarosiewicz, submitted) mean that |deats agriculture and from urban

sources were reduced.

CONCLUSIONS

Performed measurements showed that both the ceatientof biogens and sea-
sonal nutrients changes were similar in lakes Gasdrd tebsko. Only conductivity
and salinity indicated significant differences beémn these lakes.

High concentration of nitrogen and phosphorus €udhiese lakes as eutrophic.
Abundance of nutrients, supplemented in water colfnom sediments, present ex-
cellent conditions for phytoplankton growth, whiclensive blooms were observed
throughout all vegetative period in both lakes. Bus worth to underline that the
quality of lakes was significantly improved duritagt 25 years. The concentration
of biogens was over 4-fold decreased. This is wmportant information and desir-
able change trend, because both Gardno and telf@koonstitute part of the
Slovinski National Park and (ii) are not degradatiesistant because of their unfa-
vourable morphometric parameters.
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SEZONOWE ZMIANY STEZENIA SKEADNIKOW BIOGENICZNYCH
DWOCH PLYTKICH JEZIOR PRZYMORSKICH GARDNA | t EBSKA,;
POROWNANIE

Streszczenie

Celem niniejszego opracowania byla prezentacjadywoanie sezonowych zmian;ie-
nia substancji biogenicznych oraz o#emie poziomu trofii dwoch jezior przymorskich
Gardna i Lebska. Jeziora te zlokalizowagevgdiuz potudniowego wybrzea Morza Baltyc-
kiego.

Zaprezentowane rezultaty svynikiem badéa prowadzonych od kwietnia do grudnia
2007 roku. Do celéw publikacji na kdym z jezior wyselekcjonowane zostato jedno stano-
wisko pomiarowe, charakteryzigie sé zaréwno minimalnym oddziatywaniem stonych wéd
morskich, jak i stodkich wéd rzecznych. Przeprowadz analizy wykazaty,zi dynamika
sktadnikéw biogenicznych w omawianych jezioracht jpedobna, a mice stzenia po-
szczegOlnych form azotu i fosforu nig istotne statystycznie. Ponadto zaobserwowaao,
sezonowe zmiany gtenia biogendéw w Gardnie i tebsku majrzebieg typowy dla jezior
ptytkich. Okrelenie poziomu trofii jezior opierato gina poréwnaniu letnich gten azotu
i fosforu catkowitego w toni wodnej jezior. Na péalwie tych poréwna zaréwno tebsko,
jak i Gardno zakwalifikowano do typu eutroficznego.



