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Abstract

Lake Gardno, as the central object in the hydrdgragtructure, is under the influence of land and
sea waters. This results in the situation wherdake together with its direct catchment forms a
unique geoecosystem which differs from other inleggkrvoirs performing the role of local or re-
gional recipients in hydrographic systems, in teohthe quality of water as well as the rate and
dynamics of transformations occurring in it. Thésain effect of overlapping influences of waters
inflowing from the catchment and intrusions of seers. During intrusions, waters of higher sa-
linity occur and remain during the greater partted year in the whole water body of the lake,
which is conditioned by the shape of the basinlifating the penetration of salty waters. It was
established that the water coming from intrusicemaains for at least several days. There is also
evidence from reconnaissance measurements thattergion is longer. The easiness of penetra-
tion and long retention period result in the fawittonly periodically the desaltation effect of po-
tamic waters leads to an almost complete desattaifowater in the whole basin of the lake
Gardno.
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INTRODUCTION

Lakes situated on the coast of the Southern B8Mia function in different condi-
tions than those in which typically inland resersabccur. They are situated in the
contact zone of two environments: the land andsttee These reservoirs together
with their direct catchments form specific geoestssns in which the course of
physical, chemical and biological processes dependse fact which of these two
environments exerts a stronger influence at a givement.

One of the lakes which are situated within the aonkzone of land and sea is the
Gardno Lake. It has conditions for water exchangkia characterised by a consid-
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erable dynamics of water circulation (Cyberski dadrasik 1992), which indicates
the possibility of occurrence and spreading ofdt& water intrusions, observed and
described in other water bodies of the coast (ManTadiin 1990, Cidinski 2004,
2005, 2006, Drwal and Gikenski 2007, Drwal et al. 2007). This allows to foriame
the hypothesis that in the Gardno Lake, phenoméndas to these observed in
other hydrographic objects located on the coastldhaiso be recorded. During in-
trusions of salt waters they are mixed with fresitess. The proportions of these
waters of different origin are variable in time amithin the water body, and depend
on the impact of the anemobaric and local hydrdgaponditions (Drwal et al.
2007). Consequently, this leads to a substantedrsiity of water quality within the
lake. Some authors even claim that reservoirs stitth a specific water circulation
belong to the category of estuary objects (Majevigki2, Balicki 1980,Jeziora..
2003). In the light of the above, an attempt waslen® determine whether sea wa-
ter intrusions occur in the Gardno Lake and whether effects which they can
cause are typical of coastal lakes situated orPtiish coast of the southern Baltic
or this lake is unigue in this respect.
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Fig. 1. Location of the Gardno Lake in the tupawaimhge basin (a) and in the direct
catchment (b)
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MATERIALSAND METHODS

The employed method involved performing recurringldochemical surveys ac-
companied by a simultaneous determination of tlieentihydrological situation. In
2002-2006, 16 measurement series in 7 sites weferped (Fig. 1). The meas-
urement sites were localised in the whole waterybindcharacteristic places of the
basin bottom relief (3, 4, 5) and in places whéeelargest tributaries flow into the
lake (1, 2, 6, 7). Site 1 was located oppositetilngawa River, site 2 opposite the
Grabownica River, and site 7 opposite the BrodneROnly site 6 was located op-
posite the only outflow from the lake — the tupa®@anal. Water samples were
taken from the surface, above-bottom and inteaistdiyer. Water from the last layer
was obtained from the surface bottom sediment cele using Kajak scoop and
a Centrifuge. Water samples were analysed in therdgory of the Hydrology De-
partment of Gdask University. Chlorides concentration was deteadimsing the
titration method.

The water level in the lake was read off on theewgtiuge of IMGW (Institute of
Meteorology and Water Management) situated in GaMelka, whereas the sea
level on the gauge of the Maritime Office in thelbwur of Rowy or Ustka.
Measurement results were presented in diagrams $0 emphasise the occurring
regularities. They include chlorides concentratiomssurface and above-bottom
water in particular measurement sites, water lgvéie Gardno Lake and the sea on
the day of samples taking and the preceding daydsmes days).

Water relations of the area

The direct catchment of the lake Gardno of an afé®5.4 kni, which is 13.6% of
the whole Lupawa drainage basin (Fig. 1), formsearty distinctive part of it with
water relations characteristic of the SoutherniBalbast seaside plains. In the ele-
mentary structure of territorial hydrographic sysse(Drwal 1982) such a fragment
of a drainage basin should be classified as typepients’ in which the final bal-
ance of water excess occurs (Drwal and Hrynisz&BRBuch recipients occur on
the outskirts of a system, in this case of the kKiagn hydrographic system, on the
bottoms of ice marginal streamways or valleys wéns with an importance broader
than regional or, as in this case, on a seasidgiallplain. Water relations of such
recipients are characterised by excessive moisiutiee surface of the area caused
by lateral potamic or ground inflow (Drwal 1984)dmampered outflow.

In the recipient formed by the direct catchmenthaf lake Gardno, the central hy-
drographic element is the lake with an area regchimto 2468 ha, which covers
about 20% of the catchment area. The remaining 80%s area is covered by
6 polders. The lake is shallow with a circle-likepe. Its width is 4.7 km and length
6.8 km. The basin bottom is rather even, the dotimigadepths are 1.0-1.5 m.
Maximum depth reaching 2.2 m occurs in the sougtteea part opposite the mouth
of the Lupawa River (Fig. 2). The basin volume 6980 thousand M The lake is
being heavily silted, mainly by sediments carrigdtbe tupawa River (Wojcie-
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Fig. 2. Hydrographic layout of the Gardno Lake (seu Chohski, Kaniecki 2003 supple-
mented)

chowski 1990), which have built a backward deltawfarea of 8 ki(Florek 1992)

in the eastern part of the lake catchment. Durivey 60 years the lake volume has
decreased by 6 million HiBalicki 1980), which is about 16% of its volumegdathe
area has diminished in the last 60 years by ab@dithh, which is 4% of the water
surface (Tobolski et al997). The lake is being overgrown in 4% of itsaafBalicki
1980).

The Gardno Lake is the recipient for the rivers awp, Bagiennica and Brodna, and
canals and ditches draining the southern, westach eastern part of the direct
catchment of the lake. Moreover, the Gardno Lakeaheonnection with the tebsko
Lake through the Lupawa-tebsko Canal, whereas thithsea through the tupawa
Canal of a width of 15-20 m, length of over 1 kmgdarade of 0.11%.. The depth of
the canal ranges from about 4 to 5 m.

The tupawa River provides about 92% of the watkrwifg into the lake on the
surface and its inflow is estimated at 8.2-8%3 1§ (Bogdanowicz 2004) and ranges
from 7.04 ni- s' in August to 9.44 th- §* in March. High water stages occur in
February and March (meltwaters) and in summer aranan (rainfall). Low water
stages occur in the period from June to July. Tiflew from the direct catchment is
estimated at 0.853 s (Cyberski and glrasik 1992). The total amount of water
that can be pumped out from polders is 3.39 8f (Cebulak 1984). The total po-
tamic inflow into the Gardno Lake is 9.07 ms", which gives a water exchange co-
efficient, defined as the quotient of the total evanhflow from the catchment to the
lake volume, of 9.3.
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Periodic inflow to the lake through the tupawa Qasaestimated at 0.57 jn s*
(Balicki 1980). If there was only inflow from thea, the water exchange coefficient
would be 0.6.

RESULTS
Sea water intrusions

Sea water intrusions into the Gardno Lake depenthemnelationship between the
water levels in the lake and in the sea. This eeially visible in the periods of
storms, when in the canal connecting the Gardne leikh the sea, a change in the
direction of water flow is observed, sometimes waticonsiderable dynamics. Yet,
intrusions can occur also during almost windlesstter. During the observation
carried out for 10 days in May 1989 three clealoing of sea waters into the tu-
pawa Canal were observed (da&a 1990). Additionally, when the difference be-
tween water level in the sea and the lake amounbed +5 cm to -5 cm, two-way
flow was observed in the outlet section of the hupaluring those 10 days.

The water level in the Gardno Lake is under aruarice of the changes in the sea
level, which is indicated by a similar rhythm of amemonthly stages (Fig. 3). In the
lake, a low water level occurs in the period of ikdune, which can be attributed
to a small inflow from the catchment, and high wdevel between August and
March.

.
Sy . *lGardno
.

.
N .
A

530 |— -

520

510

~T 7 1 " Baltic

500 —— y

490 7

~ 7

480

Xl Xl | Il I v \Y \ Vi VIl IX X
Nor. Dec. Jan. Feb. Mar. Apr. May Juni July Aug. Sept. Oct.

Fig. 3. Fluctuations of the average monthly levidhe Gardno Lake and Baltic Sea in 1970-
-1980 (source: Cyberski 1984)
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Table 1
List of mean monthly water stages of the sea aeds#rdno Lake and their differences
in 1958-1975 (source: Balicki 1980)

Months ‘ XI ‘ XII ‘ | ‘ I ‘ I ‘IV ‘v ‘VI ’\/u \J/III (x Ix
Average monthly level of water
f_h;kgardno 532 | 532| 524/ 522 516 512 506 507 522 5p2 5§26 525

the Baltic Sea 506 507 498 497 488 4B0 489 495 508 pH04 |504 |504

Difference +26| +25| +2§ +25 +28 +2p +17 +12 +14 +18 422 +21

Average monthly low level of water

the Gardno

Lake 515 | 516| 509| 508 503 500 496 499 509 511 9§12 512

the Baltic Sea 468 469 456 463 4%8 463 468 476 486 @481 |475 (471

Difference +47| +47| +53 +45 +4% +3f +28 +23 +23 +B0 +37 +41

Average monthly high level of water

f_h;kgardno 550 | 550| 542| 536 534 525 517 518 585 5B8 540 542

the Baltic Sea 5571 550 543 538 527 5P3 9511 516 535 p31 |535 (548

Difference -7 0 -1 -2 +7 +2 +6 +2 0 +7 +5 -6

The fluctuations of the mean monthly water levets small and range from 506 cm
in May to 532 cm in November and December. The &veé the mean stages oc-
curred in May — 496 cm, the highest in Decembed 6 &m. This indicates that in
this period there are the most favourable conditifam the occurrence of salt water
intrusion into the lake. Conversely, in the perimddow and medium stages, the
water level in the sea was always higher than énléke (Tab. 1), which indicates
that intrusions could only occur in conditions bba storm damming or short peri-
ods of equal levels in the sea and lake.

Chlorides concentrationsin water s of the Gardno L ake

The measurements of chlorides concentrations inwidwers of the Gardno Lake
almost always revealed an elevated value of chderidinging from 13.9 to 1512
mg/dm?® (Tab. 2) in the whole water body. A regularity vedsserved that the highest
chlorides concentrations occur near the Lupawa IChtweover, it was noticed that

higher values of chlorides concentrations alwaysiged in the northern part of the
lake and that they revealed a clear decreasingteydeastwards. The lowest chlo-
rides contents occurred in the southern part oppts¢ mouth of the Lupawa River.
It confirms Trojanowski’'s (2003) observations, wiihin the confines of the lake
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Table 2
Recorded extreme chlorides concentrations (mg@F) in waters of the Gardno Lake
in the period from 2002 to 2006

Point 1 2 3 4 5 6 7
(deep) (2.0 m) (1.5m) (2.0m) (2.5 m) (1.5m) 2.2m) (1.5m)

Water max| min| max min mak min max mijn max min max mMin nmax min
Surface 856 13.9 918 36|6 992 57.1 1315 1.7 1401 p1.9 (1513 | @R4| 47
Bottom 867| 24.8 942 39.5 1024 58.2 1302 64.2 1377 68.1 1498 |7905| 50.6
Intersticial | 908 59.6 1018 24D 1086 216 1255 333 1331 B77 14&®% | 953| 211

Gardno marked three zones. He considered the md&geof land and sea waters.
South and south-east part are the zones wheremireate the influences of land
waters. The north-west part is the zone where pngtite the influences of sea
water, meanwhile interior part is characterizedtlyy average conditions. Further-
more, in most of the measurements, higher value® wbkserved in the above-
bottom water layer than in the surface one, andliffierences ranged from over 10
to frequently 150-200 mg @im*, and even higher in interstitial waters.

Conditions of chlorides concentrations distribution

The hypothesis formulated in the introduction stdtet the observed occurrence of
elevated chlorides concentrations in the watetb®iGardno Lake, their spatial and
temporal variability may be caused by intrusiomsilsir to those which were previ-
ously described in the literature on the subjedtirer hydrographic objects situated
on the coast of the Southern Baltic Sea (Szopod8&R, Szmidt 1967, Mikulski
and Bojanowicz 1967, Tadajewski et al. 1979, @skiiand Lange 1996, Heese et
al. 1996, Chaiski 2001, Trojanowski 2003, Drwal and €iéski 2007, Drwal et al.
2007). In fact, sea water intrusions into coastatew bodies occur when the sea
water level is higher than in the given water badgn the measurement results for
chlorides concentrations in the waters of the Gandake also be explained by the
occurrence of intrusions?

The occurrence of the highest chlorides concentratwas recorded in the waters of
the Gardno Lake on 25/06/2003 and 28/10/2006 @idBoth situations were an ef-
fect of a definite occurrence of intrusions. On fingt date, the sea water level was
only 1 cm higher than of the lake but on the pretgday the difference was 5 cm.
Chlorides concentration in the whole water bodygeghfrom 1512 mg/dih(site 6)

to 655 mg/drit (site2) on the surface and on the bottom from 1498 mg/¢site 6)

to 643 mg/drit (site 2). Thus the distribution of chlorides concentrasidliustrates

a situation when the intrusion started a day edbli¢ it lasted also on the day of the
measurement but with a smaller intensity.

On the other date, however, the sea water levélgika) was higher than that of the
lake by 4 cm exactly on the day of the chloridescentrations measurement. The con-
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Fig. 4. Distribution of chlorides concentrationsvitaters of the Gardno Lake in a situation
when the lake water level was lower than sea watel on preceding day (25/06/2003) and
on measurement day (28/10/2006)

centrations in near-surface waters ranged from T2g8Im® (site6) to 781 mg/drii
(site 2), whereas in above-bottom waters from 1257 mg/dsite 6) to 776 mg/dri?
(site2).

Other situations also indicate that the elevatddrictes contents were an effect of
earlier intrusions. On 19/05/2004 a higher by 3water level in the Baltic Sea in
comparison to that of the Gardno Lake (Fig. 5) weaorded. Chlorides concentra-
tions were increased but with much lower values tinathe above described situa-
tions. In the surface waters they ranged from 45%dm?® (site 6) to 289 mg/dri
(site 1), whereas in above-bottom waters from 478 mgidsite 6) to 304 mg/drit
(site 1). These lower concentrations may have resultem fite fact that the meas-
urement was performed on a day between two staimes18-16" of May and the
20" -21" of May) in a period of high potamic inflow.
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Fig. 5. Distribution of chlorides concentrationswaters of the Gardno Lake recorded in the
period between two storms during high potamic inflo
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Fig. 6. Distribution of chlorides concentrationswaters of the Gardno Lake recorded in the
period of low potamic inflow

However, the measurement performed on 23/07/20@6pieriod of low potamic in-
flow (Fig. 6) revealed increased chlorides conegitns although on the measure-
ment day the level of the sea (in Ustka) was 1@mel than that of the lake and on
the previous day by 2 cm. In the surface watersctincentrations ranged from 551
to 985 mg/dri. In this case the low potamic inflow did not caasereakening of
the intrusion, which probably occurred betweent#®and the 26 of July.

On the other hand, on 21/11/2004 high chloridesentrations were also observed
although on the measurement day and the previguthdasea level was lower than
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Fig. 7. Chlorides concentrations in waters of tle@dBo Lake on 21/11/2004 against levels of
the Baltic Sea and the Gardno Lake
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Fig. 8. Chlorides concentrations in waters of tle@ddo Lake on 13/06/2002 against levels of
the Baltic Sea and the Gardno Lake

the lake level by 4 cm and 20 cm respectively (gikd) (Fig. 7). In the surface wa-
ters the concentrations ranged from 808 mg/dgite 6) to 559 mg/drii (site 1),
and in above-bottom waters from 843 mgfifsite 6) to 574 (sitel). The meas-
urements of water stages were performed afteromgtstorm which occurred be-
tween the 18 and the 17 of November.

In a period when there are no intrusions, the Gatdike is under a very strong in-
fluence of the waters of the streams inflowing frime direct catchment, mainly
from the Lupawa River. As a result, low chloridescentrations are observed in the
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hole water body of the lake. On 13/06/2002 theleeal was 14 cm lower than the
lake level, and on the preceding day 15 cm (FigC8Jorides concentrations in sur-
face waters of the lake ranged from 69 mg’dfsite 6) to 14 mg/dm (site 1),
whereas in above-bottom waters from 71 (§jte 25 mg dri (site 1).

Traces of the potamic waters impact are also ésiblinterstitial waters in which
the lowest chlorides concentrations occurred thosigbradically. Opposite situa-
tions were observed more often.

Geogr aphic consequences of water exchange between the sea and lake

The Gardno Lake as the central object in the hyditc structure is under the in-
fluence of sea and lake waters. This results irfabethat the lake together with its
direct catchment forms a unique geoecosystem, wdiftdrs from other inland res-
ervoirs performing the role of local or regionatipents in hydrographic systems,
in terms of water quality but mainly the rate anydaimics of transformations occur-
ring in it. This is an effect of overlapping infloees of waters in flowing from the
catchment and of sea water intrusions. During #&nbmns, waters of highier salinity
occur and remain during a greater part of the yedhne whole water body of the
lake, which is conditioned by the shape of the rbdacilitating the penetration of
salty waters. It was established that the waterirgritom intrusions remains there
for at least several days. There is also evideraa feconnaissance measurements
that the retention is longer. The easiness of pati@h and long retention period re-
sult in the fact that only periodically the destdia effect of potamic waters leads to
an almost complete desaltation of water in the wlaisin of the Gardno Lake. This
influence is most often clearly observed in thetlsetn part of the reservoir.
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INTRUZJE WOD MORSKICH DO JEZIORA GARDNO
Streszczenie

W pracy podito proke ustalenia czy w jeziorze Gardno dochodzi do intrwHd mor-
skich i czy skutki, ktére magone wywotywd s3 typowe dla jezior przybrzaeych wystpu-
jacych na polskim wybrzel Potudniowego Battyku, czyigod tym wzgédem jest to jezio-
ro wyjatkowe. Zastosowano metedvykonywania na jeziorze powtarzalnych gdhydro-
chemicznych z jednoczesnym olemiem aktualnej sytuacji hydrologicznej. W latez02-
-2006 wykonano 16 serii pomiarow w 7 punktach zlakavanych na jeziorze Gardno.
Probki wody pobierano w warstwie powierzchniowegddennej oraz interstycjalnej. Wod
Z tej ostatniej warstwy uzyskiwano z powierzchnigawesadu dennego pobranego pobiera-
kiem Kajaka poprzezaycie wiréwki Centrifuge. Prébki wody analizowanolaboratorium
Katedry Hydrologii Uniwersytetu Gdakiego. S¢zenie chlorkéw okrdano metod mia-
reczkows. Poziom wody w jeziorze odczytywano na wodowskdll&W zlokalizowanym
w Gardnie Wielkiej, natomiast poziom morza na wodkazie Urezdu Morskiego w Porcie
Rowy mdz w Ustce.

Jezioro Gardno jako centralny obiekt w strukturzelrbgraficznej jest pod wptywem
wod ladowych i morskich. Powoduje tee jezioro tworzy wraz ze swoja zlewrbezpdgred-
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nia bardzo specyficzny geoekosystem, ktéry wmia od innych zbiornikévwérédladowych
petniacych w systemach hydrograficznych gobdbiornikéw lokalnych czy regionalnych
nie tylko jakag¢ wod, ale przede wszystkim tempo i dynamika zachogth w nim prze-
mian. Jest to efekt naktadajych sé wpltywow z jednej strony wod splywgiych ze zlewni,
a z drugiej intruzji wod morskich. Podczas intrymjijawiap sie wody o podwyszonym za-
soleniu. Utrzymuje gi ono przez wiksz czgs¢ roku w catym akwatorium jeziora, czemu
sprzyja ksztatt misy utatwiagy penetrag wod stonych. Stwierdzondgge woda pochoda

z intruzji zalega co najmniej kilka dnia$akze przestanki wynikajce z przeprowadzonych
pomiaréw rekonesansowych wskamg na toze czas zalegania jest dazy. tatwdcé pene-
tracji i dlugi okres zalegania powoduge tylko okresowo dziatanie wystadze¢ wod pota-
micznych doprowadza do prawie catkowitego wystoizemody w calej niecce jeziora
Gardno. Najczsciej to oddziatywanie wyraie widoczne jest tylko w potudniowej €zi
zbiornika.



