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The lakes of the Powidzki Land scape Park (Gniezno Lakeland) are known for their nat u ral and rec re ational val ues. The ma -
jor ity of them are lo cated within two large gla cial tun nel val leys, that in many places cut through sev eral lev els of till and
inter-till aqui fers. Re gional hy drau lic link age sys tems are de vel oped where sur face wa ter and ground wa ter re main in di rect
con tact. Smaller wa ter bod ies oc cur be tween the lakes, in other tun nel val leys, in iso lated melt wa ter bas ins, or in river val -
leys. These wa ter bod ies con sti tute lo cal drain age bases. The ex is tence in the area of such mor pho log i cally di verse lakes
with dif fer ent flow rates, var ied mor phol ogy, and het er o ge neous geo log i cal struc ture per mit ted trac ing of the hy dro dy namic
de pend en cies of lake catch ments of var i ous types. Hydrogeological cross-sec tions, com par a tive anal y ses of struc tural
maps for suc ces sive aqui fers, bathymetric plans of lakes, and piezometric con tour maps were pre pared. Sur face and
ground wa ter level fluc tu a tions were in ves ti gated, as well as their re sponse to chang ing at mo spheric con di tions. Wa ter bal -
ances of lakes were also de ter mined for se lected lake catch ments. The study showed that all the lakes ana lysed are closely
re lated to ground wa ter, and that the deep est ones reach lower aqui fers. The ma jor ity of the lakes drain the aqui fers, but
some of the lakes feed them. Such a sit u a tion was doc u mented in coastal wetlands and in the east ern part of the Park, af -
fected by a de pres sion cone as so ci ated with a nearby lig nite opencast mine. The study showed that the deep est of the lakes
ana lysed have a very wide catch ment area of ground wa ter re charge, ex pand ing be yond the bound aries of their sur face
catch ment ar eas. This is im por tant for the de vel op ment of their re sources, es pe cially in pe ri ods of hydrogeological low flow.

Key words: sur face and ground wa ter re sources, hy drau lic con tacts, wa ter level changes, min ing dewatering, eva -
potranspiration, Gniezno Lakeland.

INTRODUCTION

Un con fined ground wa ter cir cu la tion zones in lake catch -
ments are still poorly in ves ti gated in Po land. Hy dro log i cal lit er a -
ture in cludes pub li ca tions based on hy dro log i cal and me te o ro -
log i cal data, omit ting stud ies of the in flu ence of the sub ter ra -
nean zone on the re charge and drain age of lakes (Mikulski,
1970; Pasławski and Błaszczyk, 1970; Bajkiewicz-Grabowska,
1982, 2002; Rösler and Chmal, 2008; Dąbrowski, 2013). Most
au thors de scribe the ground wa ter com po nent in wa ter bal -
ances of lakes based on hy dro log i cal and me te o ro log i cal data,
and most pub li ca tions fo cus on sin gle wa ter bod ies. In many
pub li ca tions, the in ter ac tion of lakes and ground wa ter is de fined 

based on wa ter bal ances mea sured for the lakes, and the di rec -
tion of ground wa ter flow in the area of lake bowls is de ter mined
by re charge and drain age. The stud ies of ten cover the en tire
year, some times re sult ing in er ro ne ous de ter mi na tion of sur -
face wa ter and ground wa ter cir cu la tion pat terns in lake catch -
ments. Par tic u larly in the case of deep lakes, drain ing sev eral
aqui fers, con clu sions drawn from such cal cu la tions may de vi -
ate sig nif i cantly from re al ity. For ex am ple, in many cases, cal -
cu lat ing re charge and drain age for an aqui fer may give a pos i -
tive value, pro vid ing in for ma tion only on the in flow of ground wa -
ter. In re al ity, ground wa ter re charge may po ten tially pre vail in
one part of the lake, while in the other part wa ter out flow to the
aqui fer is dom i nant. More over, this sit u a tion may change dur ing 
ex treme hy dro log i cal phe nom ena such as hy dro log i cal
droughts or floods. Par tic u larly in the case of long-last ing low-
 wa ter pe ri ods, the lake’s wa ter ta ble may prove to be pri mar ily
reg u lated by the re gional ground wa ter cir cu la tory sys tem
(Nowak and Przybyłek, 2008; Przybyłek and Nowak, 2011;
Nowak, 2018). Few Pol ish pub li ca tions are avail able con cern -
ing the hydrogeological sche ma ti sa tion or hy dro dy namic re -
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search cov er ing the anal y sis of in ter ac tions be tween lakes and
the sur round ing aqui fers (Krygowski, 1954; Pasławski, 1975;
Dąbrowski, 1990; Kilkus, 1998; Glazik and Gierszewski, 2001;
Burchardt and Przybyłek, 2004; Pomianowska, 2004; Krawiec
and Śmietański, 2007; Nowak and Przybyłek, 2008; Nowak,
2018). These works show a sig nif i cantly more com plex char ac -
ter of hy drau lic con nec tions of lakes with the sur round ing
ground wa ter. Sim i lar trends are ob served in the global lit er a ture 
(Brock et al., 1982; Cheng and An der son, 1993; Sacks et al.,
1998; Shaw et al., 2013; Rautio and Korkka-Niemi, 2015;
Rudnicki et al., 2015; Su et al., 2016).

Re search on the in ter ac tion be tween lakes and ground wa -
ter and pro cesses of their re charge and drain age re quires in ter -
dis ci plin ary anal y sis com bin ing hy dro log i cal, hydrogeological,
and me te o ro log i cal data. It is par tic u larly im por tant in ar eas un -
der strong anthropogenic pres sure and se ri ous dis tur bance of
lo cal or re gional aqui fer sys tems.

This ar ti cle shows the re la tion ships be tween lakes and
ground wa ter in the shal low and deep cir cu la tory sys tems of
the Powidzki Land scape Park in the Gniezno Lakeland. It con -
cerns many lakes of dif fer ent mor phol ogy, for which there is a
dense mea sure ment and ob ser va tion net work pro vid ing long-
 term me te o ro log i cal, hy dro log i cal, and hydrogeological data.
It was pos si ble to study how these re la tion ships changed over
the years un der the in flu ence of var i ous en vi ron men tal fac -
tors, in clud ing the ob served de te ri o ra tion of cli ma tic con di -
tions (Kę dzio ra, 2008; Przybyłek and Nowak, 2011; Nowak,
2018; Nowak et al., 2018; Nowak and Ptak, 2019). Var i ous
forms of hu man ac tiv ity (min ing, ground wa ter ab strac tion, wa -
ter trans fers out of the catch ment area, wa ter stor age) that
have af fected wa ter re sources in the re gion pro vided the op -
por tu nity to es tab lish to what ex tent anthropogenic pres sure
af fects lakes and the con nected ground wa ter. Such re search
is par tic u larly im por tant for the area stud ied, where a sig nif i -
cant de cline of lake wa ter lev els has been ob served for years
(Ilnicki, 1996; Ilnicki and Orłowski, 2006; Przybyłek and
Nowak, 2011; Nowak, 2018).

The pri mary ob jec tive of this study was to de ter mine the hy -
drau lic in ter ac tion be tween lakes and ground wa ter in the
Powidzki Land scape Park, and to in di cate how this af fects the
wa ter re sources. An im por tant as pect of the study was to in di -
cate the en vi ron men tal and anthropogenic fac tors af fect ing this
in ter ac tion, and to de ter mine its range in time and space.

STUDY AREA

The study area cov ers lakes and their catch ments in the
Powidzki Land scape Park in the cen tral part of the Gniezno
Lakeland (cen tral-west ern Po land) (Fig. 1). The area is ex cep -
tional due to the oc cur rence of lakes with var i ous morpho -
metries and re charge types (Przybyłek and Nowak, 2011;
Nowak, 2018), and its high vari abil ity in terms of geo mor phol -
ogy, sur face li thol ogy, and land use. The land re lief is pri mar ily
de vel oped by end mo raines, run ning from the north-west to
south-east. They act as a di vide for sur face wa ter, and as a re -
charge zone for ground wa ter in this part of the Lakeland. Other
out stand ing land scape el e ments in clude north-south -ori ented
tun nel val leys with lakes, and val leys of drain ing rivers. They
are grouped into three sys tems of sur face drain age: south ern –
with wa ter flow ing through the Meszna River to the Warta River, 
north-west – con nected with the Noteć Zachodnia River, and
north-east, in clud ing the Ostrowo-Gopło Ca nal.

The var ied geo log i cal struc ture pro vides for the oc cur rence
of sev eral aqui fers (Figs. 2 and 3) in the ac tive ground wa ter ex -
change zone (Dąbrowski, 1990; Dąbrowski et al., 2011;
Przybyłek and Nowak, 2011; Nowak, 2018). Ac cord ing to the
hydrogeological clas si fi ca tion (Paczyński and Sadurski, 2007),
these are as fol lows:

– ground wa ter level of con stant dis tri bu tion, in a fluvio-gla cial
sed i men tary aqui fer with com po nents of leached till and
river sand. Over the area ana lysed, the ground wa ter ta ble is 
in a range from 78.0 to 115.0 m a.s.l., and its shape cor re -
sponds with the land re lief (Fig. 4);

– top inter-till level (first inter-till level), oc cur ring over a ma jor
part of the ter rain in sandy strata de pos ited be tween the
north-Pol ish and Warta tills, in some places de vel op ing a
hydrostructural unit along with the ground wa ter level. The
dis tri bu tion of hydroisohips of the top inter-till level cor re -
sponds with the first ground wa ter level, be cause they de -
velop a sin gle ag gre gated aqui fer over a ma jor part of the
study area;

– mid dle inter-till level (sec ond inter-till level), oc cur ring as iso -
lated lay ers of lim ited spread, con nected with fluvio-gla cial
de pos its oc cur ring be tween the clays of the mid dle-Pol ish
glaciations. The mid dle inter-till level shows a lim ited dis tri -
bu tion, and no data on its wa ter ta ble are avail able;

– bot tom inter-till and un der-till lev els, con nected with sandy
and gravel de pos its of the Hol stein Inter gla cial and fluvio -
-gla cial suc ces sions of the Odra Gla ci ation. This level is
called the Wielkopolska Bur ied Val ley (wdk) be cause of the
name of the re gional hydrogeological struc ture. The flow of
ground wa ter in this aqui fer is to the east and south-east.
The av er age sta bi lised wa ter ta ble of the wdk level is
95.0–105.0 m a.s.l. (Fig. 5);

– Mio cene and Up per Cre ta ceous lev els form ing sep a rate
hydrostructural units (Gniezno-Inowrocław sub-res er voir) in 
the west ern part of the Park, and in the east ern part where
they are hy dro dy nam i cally con nected with the wdk level.
The free-sur face wa ter ta ble of the level is sta bi lised at
90–105 m a.s.l., largely cor re spond ing to the dis tri bu tion of
the hydroisohips of the over ly ing wdk level.

Re gional deep aqui fers are ex ploited through nu mer ous
mu nic i pal wa ter in takes and drilled wells op er ated by the nearby 
opencast mines of the Konin Brown Coal Mine (KWB Konin).

The area de scribed area has very un fa vour able hy dro-me -
te o ro log i cal con di tions, in clud ing low pre cip i ta tion and very high 
po ten tial evap o ra tion (Kędziora, 2008; Przybyłek and Nowak,
2011; Stachowski et al., 2016; Nowak, 2018, 2019; Nowak and
Ptak, 2018). The re gion has very low drain rate val ues, not ex -
ceed ing 3.0 l/(s km2) in the west ern part of the study area.
Catch ments in the east ern part of the area have been with out
out flow for years (Nowak, 2018). Since the be gin ning of the
1990s, in this part of the Gniezno Lakeland, sig nif i cant wa ter
level de clines have been ob served in lakes (Fig. 6), as well as a
re duc tion of ground wa ter re sources and dis ap pear ance of
wetlands (Ilnicki and Orłowki, 2006; Przy byłek and Nowak,
2011; Ilnicki et al., 2017; Nowak, 2018; Nowak et al., 2018).

The east ern part of the Gniezno Lakeland is lo cated in a de -
pres sion cone de vel oped due to min ing drain age (Przybyłek,
2011, 2018; Nowak, 2018). An other im por tant fac tor is wa ter
man age ment in volv ing lake damm ing, ground wa ter in take ex -
ploi ta tion, trans fers of wa ter from opencast mine drains and
sew age treat ment plants, and ag ri cul tural land rec la ma tion
(Przybyłek and Nowak, 2011; Nowak, 2018, 2019; Nowak et al.
2018; Nowak and Ptak, 2018).
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MATERIALS AND METHODS

Hydrogeological cross-sec tions and struc tural maps of
each aqui fer were pre pared for the anal y sis of lake-ground wa -
ter in ter ac tion. The spa tial im age ob tained was com pared with 
com pi la tions of ground wa ter ta bles and lake wa ter lev els, and
with re sults from wa ter bal ance cal cu la tions for se lected lake
catch ments. The prep a ra tion of maps and cross-sec tions
used some in for ma tion from the De tailed Geo log i cal Map of
Po land at a scale of 1:50,000 (sheets: Mogilno, Strzelno,
Witkowo, Kleczew), data from bore hole cards taken from the
Cen tral Hydrogeological Data Bank HYDRO, KWB Konin, and 
re search con ducted in the scope of the doc toral the sis of one
of the au thors (Nowak, 2018). Maps of geo log i cal struc ture
were pre pared with the ap pli ca tion of ArcGIS 10.0 and
CorelDraw X4. In for ma tion on ground wa ter fluc tu a tions was
ob tained from the ob ser va tion and mea sure ment net work of
the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
(PIG-PIB), the In sti tute of Me te o rol ogy and Wa ter Man age -
ment – Pol ish Re search In sti tute (IMGW-PIB), KWB Konin,
and State For ests (LP). The ob ser va tion se quences cov ered

very dif fer ent time pe ri ods for ob ser va tion points, as shown in
Fig ure 6. The lon gest ob ser va tion se quences cov ered the
years 1976–2015, but most them cov ered the pe riod
2002–2015. The data con tained in for ma tion on monthly
ground wa ter lev els (min i mum, av er age, and max i mum),
based on mean daily val ues. Ad di tional in for ma tion on ground -
wa ter lev els was ob tained from the mon i tor ing net work, in clud -
ing piezometers and limnimetric wells. The pa per also in -
cludes in for ma tion on wa ter lev els from the doc toral the sis of
Nowak (2018). Based on these data, piezo metric con tour
maps were pre pared. Due to the dis tri bu tion of the aqui fers
and their im por tance for wa ter sup ply to lakes, the study
largely fo cused on the first aqui fer, con nected to all wa ter bod -
ies in the study area, and on the wdk aqui fer, de fin ing the lo ca -
tion of the wa ter ta ble in deep lakes. For fig ures show ing the
dis tri bu tion of hydroisohips in aqui fers (Figs. 4 and 5) and the
ex tent of the de pres sion cone re lated to the nearby lig nite
opencast mine (Fig. 1), the av er aged state for the year 2012
was se lected, be cause in a multi-an nual con text it was an av -
er age year both in terms of pre cip i ta tion and wa ter ta ble in the
lakes or aqui fers.
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Fig. 1. Lo ca tion of the study area and ma jor mea sure ment points used in the study
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Fig. 2. Hydrogeological cross-sec tion I–I’

Fig. 3. Hydrogeological cross-sec tion II–II’ 

For ex pla na tions see Fig ure 2



The de ter mi na tion of hy dro log i cal and me te o ro log i cal con -
di tions used IMGW-PIB data re sources. The data in cluded wa -
ter level gauge read ings from lakes and rivers in the Gniezno
Lakeland, and me te o ro log i cal data from the near est syn op tic,
cli ma to log i cal, and pre cip i ta tion sta tions. In for ma tion on the cli -
mate and hy drol ogy of the re gion ana lysed was sup ple mented
with data from the KWB Konin mea sure ment and ob ser va tion
net work. Sim i larly to the hydrogeological data, char ac ter is tic
monthly val ues were ana lysed. The col lec tion of such in for ma -
tion in cluded ob ser va tion se quences, usu ally go ing back sev -
eral de cades – the me te o ro log i cal data cov ered the years
1961–2015, and most of the hy dro log i cal data cov ered the
years 1993–2015.

The cli ma tic and hy dro log i cal data ob tained pro vided the
ba sis for the prep a ra tion of wa ter bal ances for se lected lake
catch ments. They were used to as sess the di rec tion and vol -
ume of ground wa ter flow in the area of the lake bas ins in the
years 2011–2015. The cal cu la tions em ployed the meth od ol ogy
pro posed by Nowak (2018), based on the mod i fied Penck-
 Oppokow equa tion [1], ex pressed in units of wa ter col umn per
unit of lake sur face.

Pl + Dr – El – Hr – Hgv+ DDHg = Rl [1]

where: Pl – real pre cip i ta tion on the lake sur face [mm; m3]; Dr – river
in flow [mm; m3]; El – evap o ra tion from the lake sur face [mm; m3]; Hr

– river out flow [mm; m3]; Hgv – ground wa ter run off through the out -

flow val ley [mm; m3]; DDHg – re sul tant of in flow and out flow of
ground wa ter [mm; m3]; Rl – lake re ten tion dur ing the bal ance pe riod
[mm; m3].

In equa tion [1], the el e ments pro vid ing wa ter sup ply to the
lake are: pre cip i ta tion on the lake sur face (Pl), in flow from a river 
(trib u tary), and pos si ble in flow from nearby lakes (Dr) cal cu lated 
from the flow rate curve pre pared based on monthly hydro -
metric mea sure ments and wa ter gauge ob ser va tions. The dis -
charge el e ments in clude evap o ra tion from the lake sur face (El),
out flow via rivers (Hr), cal cu lated sim i larly as river in flow and
ground wa ter run off through the out flow val ley (Hgv), un der stood
as ground wa ter flow in the river val ley be low the lake ba sin, or
out flow to wards the neigh bour ing lake lo cated in the lower part
of the tun nel val ley. The Hgv value was dis tin guished to show its
sub stan tial con tri bu tion in the vi cin ity of dammed lakes or lakes
neigh bour ing each other where one of them is cov ered by the
de pres sion cone. The re sult of these el e ments is the re ten tion
of the lake (Rl) de ter mined based on real wa ter level gauge
read ings on the lake. An un known value in the for mula is
ground wa ter in flow and out flow, as well as hy drau lic con tacts of
the lake ba sin with the sur round ing aqui fers. This is de ter mined
from the sug gested for mula [1] as the re sul tant value (DDHg) of
other known pa ram e ters.

A sig nif i cant mod i fi ca tion with ref er ence to the cur rent meth o -
d ol ogy is the fact that the lake sur face area – taken into ac count
in the de ter mi na tion of the amount of di rect pre cip i ta tion and
evap o ra tion from the wa ter sur face – was treated as a vari able
and cal cu lated based on monthly av er ages of wa ter lev els. Lake
sur face ar eas at par tic u lar lev els of the wa ter ta ble were de ter -
mined based on an in te grated land re lief model con sid er ing the
dig i tal ter rain model de vel oped based on data from the LIDAR
tech nol ogy and pre vi ously digit ised bathymetric plans of the
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Fig. 4. Part of a map show ing the dis tri bu tion of hydroisohips of the first aqui fer
in the vi cin ity of Lake Powidzkie and its trib u tary, Struga Powidzka River – the state 

in 2012 (source Nowak, 2018)



lakes. The meth od ol ogy of the work is de scribed (Nowak et al.,
2018; Nowak and Lawniczak-Malinska, 2019).

Pre cip i ta tion val ues were as sumed based on me te o ro log i -
cal data ob tained from the IMGW-PIB and KWB Konin pre cip i -
ta tion sta tions in the study area. The cal cu la tions em ployed
pre cip i ta tion val ues with cor rec tions. This ap proach seems jus -
ti fied, be cause each mea sur ing in stru ment is bur dened with a
mea sure ment er ror af fected by many fac tors. They were most
com pre hen sively pro vided in stud ies made at the Hy dro log i cal
Sta tion in Radzyñ, which re peat edly com pared var i ous meth -
ods of ad just ment of pre cip i ta tion mea sured at a height of 1 m
in a Hellmann rain gauge – the ba sic tool for mea sur ing pre cip i -
ta tion amounts in the ob ser va tion net work of IMGW-PIB and
many other in sti tu tions. The re sults of this work (Rösler and
Chmal, 2010) per mit ted trac ing the cor rec tion ap plied by other
au thors for dif fer ent years and for dif fer ent ar eas of Po land. The 
val ues vary be tween 18 and 55% in the win ter half-year and
8–22% in the sum mer half-year. They are ob vi ously highly vari -
able. Based on the rel a tive prox im ity of the study area to the lo -
ca tion of the Hy dro log i cal Sta tion in Radzyñ, these data were
used. The fol low ing cor rec tions were ap plied in the cal cu la tion
of pre cip i ta tion: 20% for win ter months (XII–II), 15% for spring
(III–V) and au tumn (IX–XI), and 10% for sum mer months
(VI–VIII). The dis tri bu tion of pre cip i ta tion on lake sur faces was
cal cu lated for fields of 100×100 m, with in ter po la tion of the cor -
rected re sults from pre cip i ta tion sta tions lo cated clos est to a
given lake.

Based on data from the near est cli ma to log i cal sta tions,
evap o ra tion from the wa ter sur face was cal cu lated us ing
Iwanow’s (Kêdziora, 2008) and Jaworski’s (2004) equa tions [2]
and [3] for the win ter half-year. 

E = 0.0018 (t + 25)2 × (100 – h) [2]

where: E – monthly evap o ra tion rate [mm]; t – av er age monthly air
tem per a ture in the me te o ro log i cal cage at a height of 2 m a.g.l. [°C];
h – av er age monthly rel a tive air hu mid ity [%]; 0.0018 – value of the
em pir i cal co ef fi cient ex pressed in units [1/(°C%)]. 

E0 = 0.225 (u2 + 1)0.5 × (e0j – e) [3]

where: E0 – daily evap o ra tion rate [mm]; u2 – av er age daily wind
speed at 2 m a.g.l. [m/s]; e0j – av er age daily sat u rated wa ter vapour
pres sure at lake sur face tem per a ture [hPa]; e – av er age daily value
of wa ter vapour pres sure in the air in a me te o ro log i cal cage at 2 m
a.g.l. [hPa].

Based on the stud ies of Kêdziora (2008, 2011), Chmal
(2008) and Rösler et al. (2013), Ivanow’s equa tion was cho sen
for pe ri ods with ice cover, and Jaworski’s equa tion for win ter
months in which lakes were ice-free. The rules adopted re -
quired the de ter mi na tion of ice du ra tion for the lakes be ing bal -
anced. These were de ter mined based on the list of wa ter level
ob ser va tions for Lake Powidzkie, and field in spec tions of the re -
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Fig. 5. Piezometric con tour map of the Wielkopolska bur ied val ley in the study area – the state in 2012 
(source Nowak, 2018)



main ing lakes. The cal cu la tions of evap o ra tion for the sum mer
half-year were based on data on evap o ra tion from the free wa -
ter area mea sured on evapometric rafts in Radzyń on Lake
Sławskie (Sławskie Lakeland) and in Buntowo on Lake
Sławianowskie (Krajeńskie Lakeland), the clos est to the area
ana lysed.

The in flow and out flow val ues of the river were ob tained
from mea sure ments of the rivers’ dis charge in pro files at the
in flows of lakes and in ex per i men tal catch ments. Part of the
data was taken from the IMGW-PIB re sources, but most of
them were ob tained from our own mea sure ments. The re sults
of dis charge mea sure ments ob tained for se lected mea sure -
ment pro files were then com pared with wa ter level lists for sta -
tions with lo cal ob ser va tions, and dis charge curves were cre -
ated. This per mit ted the de ter mi na tion of daily dis charge val -
ues in the rivers. For wa ter courses with out gauges, the hy dro -
log i cal an a logue method was ap plied. Sin gle mea sure ments
of flows from ex pe di tion pro files were com pared to nearby
mea sure ment points with de ter mined dis charge curves.
Based on these com par i sons, ad di tional anal y sis of spe cific
dis charges from the area stud ied, and the amount of pre cip i ta -

tion pre ced ing the field mea sure ments, it was pos si ble to de -
ter mine the char ac ter is tic val ues of monthly flow for all the
river mea sure ment pro files.

Ground wa ter run off through the out flow val ley was cal cu -
lated by means of Darcy’s equa tion [4], af ter draw ing cross-sec -
tions in the out flow val leys of the lakes, and tak ing mea sure -
ments of the slope of the wa ter ta ble in the wa ter course at the
wa ter gauge sta tions or in limnimetric wells. Wa ter ta ble mea -
sure ments in the se lected river sec tion and in nearby lakes per -
mit ted the de ter mi na tion of the slope of the ground wa ter ta ble
within the aqui fer in the river val ley drain ing the lake, or within
the mor pho log i cal bar ri ers sep a rat ing lake bas ins lo cated within 
the same gla cial tun nel val ley. This as sump tion seems jus ti fied, 
be cause re search on the lo ca tion of ground wa ter ta ble at the
bound aries of the stream val ley and tun nel val leys showed that
they cor re sponded with the sur face wa ter ta ble val ues at these
lo ca tions. The thick ness of the aqui fer was de ter mined based
on ar chives of bore holes drilled in the vi cin ity. The fil tra tion co ef -
fi cient val ues were de ter mined based on con trol bore holes and
lab o ra tory anal y ses of sed i ment sam ples col lected in the study
area. The fil tra tion co ef fi cient value adopted was the av er aged

Re charge and drain age of lakes in the Powidzki Land scape Park in con di tions of in creased anthropogenic... 211

Fig. 6. An nual av er age sur face wa ter and ground wa ter lev els in the study area (based on data from
PIG-PIB, IMGW-PIB, LP, and the authors’research)



re sult of anal y ses con ducted in 2–3 pro files along the sec tion of
the gla cial val ley/chan nel ana lysed in the cal cu la tions. The fol -
low ing equa tion was used:

Qdw = k × I × F [4]

where: Qdw – run off through the out flow val ley [m3]; k – per me abil ity
co ef fi cient [m/s]; I – hy drau lic gra di ent; F – cross-sec tional area of
the out flow val ley [m2].

The bal ance in volved the cal cu la tion of the sum of out flows
and in flows as well as the re ten tion of the lake on a monthly ba -
sis. This per mit ted the de ter mi na tion of pe ri ods in which the
lake was re charged or drained by ground wa ter.

RESULTS

Hydrogeological cross-sec tions and nu mer i cal struc tural
maps of aqui fers with fit ted mod els of lake bas ins per mit ted the
de ter mi na tion of po ten tial hy drau lic con tact zones of lakes and
ground wa ter in the study area. Based on the above and on
avail able stud ies (Przybyłek and Nowak, 2011; Jamorska,
2015; Nowak, 2018), all the lakes stud ied were found to be in
con tact with the ground wa ter of the first aqui fer, with most of
them ad di tion ally in con tact with ground wa ter of the top inter-till
aqui fer (Fig. 7). The deep est lakes are in con tact with the mid -
dle inter-till level and/or the level of the wdk, ei ther di rectly or
through that de pos its un der lie them (Fig. 7). Di rect con tact with
the wdk level was doc u mented in the deep est parts of Lake
Powidzkie and else where. In the area of Lake Suszewskie, a
hydrogeological win dow was found, en abling wa ter flow be -
tween the lake and deeper aqui fers (Fig. 8).

In the case of con nec tions with shal low aqui fers, ground wa -
ter re charge of the lakes pre vails. This is also sug gested by the
piezometric con tours of the ground wa ter level near the lake
bas ins. This phe nom e non is also in di cated by dis charge mea -
sure ments in the wa ter courses re charg ing the lakes, as well as
by seepages and bog-springs ob served on the slopes of lake
tun nels and river val leys. None the less, ob ser va tions of the
ground wa ter ta ble near the lakes along with wa ter bal ances for
se lected lake catch ments show that in some parts of the coastal 
ar eas, un der cer tain en vi ron men tal con di tions, the ground wa ter 
flow di rec tion near the lakes may change (Fig. 9A–C). This sit u -
a tion usu ally oc curs in the area of flat shores over grown with
veg e ta tion dur ing hot and dry pe ri ods. In such ar eas, evapo -
transpiration is higher than av er age, lead ing to a sig nif i cant loss 
of ground wa ter. Such losses are too high to be com pen sated
for by the in flow of ground wa ter from the edges of the lake tun -
nels, and the ground wa ter must be re charged by in fil tra tion of
lake wa ter. This phe nom e non was ob served near the fol low ing
lakes: Powidzkie, Powidzkie Małe, Niedzięgiel, Kańskie, and
Słowikowo. As for the last of these lakes, ev i dence of sea sonal
changes in the di rec tion of ground wa ter flow in the lake catch -
ment is pro vided by the wa ter bal ance pre pared for the ba sin.
The lake is very shal low and sur rounded by an ex ten sive belt of
reeds and woody and bushy veg e ta tion sev eral times larger
than the sur face of the lake it self. Fig ure 9C shows changes in
the el e ments of the wa ter bal ance of Lake Słowikowo – it clearly 
shows how the share of re charge by ground wa ter changes over 
the hy dro log i cal year. It shows the high est val ues in the spring
pe riod, af ter melt ing, and sys tem at i cally de creases with the de -
vel op ment of veg e ta tion. Neg a tive val ues, sug gest ing ground -
wa ter dis charge, reach their max i mum in rain-free months at
the end of sum mer, when the catch ment is dry, and the grow ing

sea son is at its peak. This phe nom e non in ten si fies with an in -
crease in the area of reeds and coastal veg e ta tion (Nowak,
2010; Rösler et al., 2013). It is worth emphasising that a de -
crease in the wa ter ta ble in lakes over the last 30 years was ac -
com pa nied by an in crease in the share of hygrophilic plant
groups in the lit to ral zone of the lakes ana lysed (Nowak et al.,
2011; Nowak, 2018; Nowak and Lawniczak-Malinska, 2019).
Com bined with the ob served in crease in tem per a ture in the
area (Kędziora, 2008; Nowak, 2018), this re sults in an in -
creased share of evap o ra tion in the drain age of the lakes.

Wa ter out flow from the lakes to wards aqui fers, at least in
se lected parts of the catch ment, was also ob served in the
north-east ern part of the Powidzki Land scape Park, in lakes
Suszewskie, Wilczyńskie, Budzisławskie, and Kownackie. As a
re sult of the ex pand ing range of the de pres sion cone, con -
nected with the drain age of lig nite opencast mines lo cated to
the east, and be cause of the ex is tence of a hydrogeological
win dow in Lake Suszewskie (Fig. 8), the sur face wa ter and
ground wa ter ta ble has been de creas ing in the area over the last 
10 years, reach ing 6.0 m (Fig. 6). In the case of Lake Susze -
wskie and Lake Wilczyńskie, there is no di rect con tact with the
dewatering Mio cene aqui fer, but in the vi cin ity of these lakes,
the ad ja cent aqui fers con nect with each other, which means
that there is lit tle iso la tion from the dewatering aqui fer. Lake
Budzisławskie, de spite be ing deeper, does not cut the till layer
and wa ter loss from the lake should be as so ci ated with the out -
flow of wa ter to wards Lake Suszewskie through the ground wa -
ter aqui fer and the first inter-till aqui fer.

This has re sulted in a dis tur bance of the nat u ral wa ter cir cu -
la tion pat tern in which ground wa ter was drained by lakes. The
sit u a tion cur rently oc curs only in some parts of the catch ment
ar eas of these lakes, and largely de pends on the amount of pre -
cip i ta tion. In hu mid years, ground wa ter re charge from lakes in -
creases, be cause in fil trat ing pre cip i ta tion cov ers the wa ter de -
mand of plants and com pen sates for the loss caused by wa ter
out flow to wards lower aqui fers. In dry pe ri ods, when evapo -
transpiration sig nif i cantly ex ceeds the amount of pre cip i ta tion,
the loss of ground wa ter caused by its seep age to lower aqui fers 
re sults in a sig nif i cant re duc tion of lake re charge, or even leads
to a change in the di rec tion of wa ter flow in the con tact zone of
the lake and wa ter in the first aqui fer. As a re sult, wa ter is
drained from the lake. This phe nom e non was doc u mented in
the years 2011–2015, when the area transitioned from the state 
of max i mum fill ing of lakes and the sur round ing aqui fers – as so -
ci ated with ex cep tion ally high rain fall in the 2010/2011 win ter
sea son (Nowak, 2018; Nowak and Ptak, 2019) – to the state of
the ex treme hy dro log i cal and hydro geological low-wa ter pe riod
in the au tumn of 2015. The great est wa ter loss was then ob -
served in Lake Suszewskie (Fig. 6) which – al though it is nei ther 
the deep est lake nor near est to the dewatered opencast mine –
has con nec tions with the dewa tered aqui fer through a closely
ad ja cent hydrogeological win dow. The drop in the wa ter level of
Lake Suszewskie af fected the neigh bour ing lakes, lo cated in
the same tun nel val ley and de vel op ing a sys tem of con nected
bas ins due to the ag gre gated ground wa ter level and top inter-till 
level in this re gion. As a re sult, these lakes in the nar row zones
sep a rat ing them from Lake Suszewskie be gan to be drained by
the ground wa ter level. This pat tern of im pacts is sup ported by
ob ser va tions of the wa ter ta bles of these lakes and ground wa -
ter lev els in their vi cin ity (Fig. 6), and by the wa ter bal ances of
lakes in the area (Fig. 9B).

In the case of hy drau lic con nec tions of lakes with deeper
aqui fers, as al ready men tioned above, the aqui fer of the wdk
was shown to be in cised by the ba sin of Lake Powidzkie (Fig. 8). 
In di rect ev i dence, sug gest ing the hy drau lic con nec tion of the
lake with the wdk, is pro vided by the piezometric con tours of this 
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Fig. 7. Con tacts of lakes and ground wa ter in the study area (source Nowak, 2018, slightly mod i fied)

For ex pla na tions see Fig ure 2



aqui fer (Fig. 5) which in the area of Lake Powidzkie show val -
ues cor re spond ing to the al ti tude of its wa ter ta ble. This is also
con sis tent with wa ter level mea sure ments car ried out at the
closed ground wa ter in take at Przybrodzin (~50 m from the lake
shore line), and in the Ostrowo re search well-lo cated on the
pen in sula be tween lakes Powidzkie and Powidzkie Ma³e. The
mea sure ment re sults were com pared with wa ter lev els in Lake
Powidzkie. In the case of 5 mea sure ment se ries car ried out dur -
ing this re search pe riod, the lev els at all points did not de vi ate
by >10 cm from each other.

The slope of the wa ter ta ble in the wdk level in the area of
Lake Powidzkie runs from west to east (Fig. 5), re sult ing in the
lake be ing re charged from the west by this aqui fer, and drained
by it in the east. Due to the small size of the to tal catch ment
area and large vol ume of Lake Powidzkie, the lake is highly de -
pend ent on the re sources of the wdk. In pre vi ous years, the lake 
to gether with the Meszna River Val ley con sti tuted a re gional
drain age base for this aqui fer struc ture (D¹browski, 1990;
Nowak, 2018). As a re sult of min ing drain age, the east ern part
of the lake catch ment was in cluded in the drain age sys tem as -
so ci ated with the de pres sion cone of the nearby lig nite open -
cast mines (Przyby³ek and Nowak, 2011; Nowak, 2018). As a
re sult of this sit u a tion, the lake is cur rently re charged from the
wdk level only from the west, and is drained in its east ern part

(Fig. 5). A sim i lar sit u a tion oc curred in the area of Lake Budzi -
s³awskie, al though it was in ten si fied there by ad di tional wa ter
out flow to wards Lake Suszewskie. An other lake with a sim i lar
in ter ac tion pat tern in the Park is Lake Ostrowickie. Its wa ter
level cor re lates with the lo ca tion of the wdk ground wa ter level in
its vi cin ity (Fig. 7). These lakes also have a sim i lar am pli tude of
wa ter level fluc tu a tions as has the ob served wdk level. The hy -
dro log i cal low-wa ter pe ri ods and high lake wa ter lev els are ev i -
dently in line with the fluc tu a tions of the wdk in the area (Fig. 6).
Poor re new abil ity of this aqui fer’s re sources and the re gional
ten dency to de crease its re sources (Nowak, 2018) re sult in sig -
nif i cant wa ter loss in the deep est lakes of the Powidzki Land -
scape Park.

The ex ploi ta tion of ground wa ter for mu nic i pal and ag ri cul -
tural pur poses also plays an im por tant role in the de vel op ment
of wa ter in ter ac tions in the study area. The im pact of ground wa -
ter in takes is much smaller than that of drain age as so ci ated
with the lig nite opencast mines, al though it should not be dis re -
garded. Their im pact par tic u larly in ten si fies in sum mer, when
ground wa ter in take in the re gion sig nif i cantly in creases, in par -
tic u lar re sult ing from build ing de vel op ment in ar eas ad ja cent to
the lakes, and in flow of tour ists and sea sonal res i dents (Nowak, 
2018, 2019; Nowak and Ptak, 2019). Ac cord ing to the ex ploi ta -
tion logs of wells sup ply ing wa ter sup ply sys tems in the Powidz,
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Fig. 8. Hy drau lic con tacts of aqui fers in the study area (source Nowak, 2018)
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Fig. 9. Com po nents of the wa ter bal ance of se lected lakes of the Powidzki Land scape Park in the years 2011–2015
(based on Nowak, 2018)



Ostrowite and Orchowo com munes, the con sump tion of
ground wa ter in the catch ment of the lakes stud ied in creased
with in crease in the num ber of sea sonal in hab it ants. By com -
par i son with the win ter and sum mer months in hol i day re sorts,
the in crease reached 300–400% (Fig. 10). More over, pri vate in -
takes func tion, usu ally not mon i tored and not sub ject to any op -
er a tional con trol. They all re sult in ad di tional re duc tion of
ground wa ter re sources in the re gion ana lysed, and there fore in
re duc tion of the size of the stream feed ing the lakes. They are
par tic u larly im por tant in the east ern part of the area de scribed,
lo cated within a de pres sion cone as so ci ated with drain age of
the lig nite opencast mines. Lo cal de pres sion cones as so ci ated
with mu nic i pal and eco nomic wa ter in takes in the re gion fur ther
in ten sify the ef fect of the mine de pres sion cone.

An other fac tor of anthropogenic pres sure lead ing to the
im pov er ish ment of wa ter re sources in the catch ments ana -
lysed is di ver sion of wa ter orig i nat ing from min ing drain age
sys tems and sew age treat ment plants in the sur round ing com -
munes. Mine wa ters which should nor mally re charge lakes
from the east ern part of the dis cussed area are dis charged to
the Struga Kleczewska River, lo cated in a dif fer ent catch ment
sys tem. A sim i lar sit u a tion oc curs in the case of sew age treat -
ment plants sup port ing the Powidz, Kleczew, and Ostrowite
com munes. Pu ri fied wa ter is chan nelled ac cord ingly to the
Struga Bawół, Struga Kleczewska and Struga Biskupia rivers
(Fig. 11) and are there fore per ma nently lost from lake catch -
ments.

The ex am ple of the Powidzki Land scape Park in volves one
more anthropogenic fac tor mod i fy ing the di rec tion and flow of
ground wa ter in the area of the lakes. Damm ing of a lake leads
di rectly to an in crease in the wa ter level of the lake it self and in
its vi cin ity. De pend ing on the type of soil sur round ing the lake,
the thick ness of the aqui fer, shape of the ground wa ter ta ble,
and dammed wa ter col umn, this rise may im pact across dis -

tances of sev eral hun dred metres to sev eral kilo metres. The
area cov ered by the damm ing ef fect ex pe ri ences an ev i dent in -
crease in the amount of static ground wa ter re sources. Such an
ef fect was ob served in the area of Lake Suszewskie. Its
dammed -up wa ter was re charg ing lakes in clud ing Lake Budzi -
sławskie (Fig. 9B). The high wa ter ta ble in the lake caused by
damm ing, while main tain ing the same ref er ence level in the
higher el e vated zones, also re sults in a de crease in the hy drau -
lic slope, and con se quently in a slow down of ground wa ter re -
charge to the lake.

The per sis tent higher wa ter level in the lake and in the as -
so ci ated up per aqui fer with a low rise at deeper lev els leads to
a sig nif i cant in crease in wa ter seep age to wards the lower lay -
ers. Such a pro cess is ob served for the ex am ple in Lake
Powidzkie and its sur round ings. The lake has been be ing
dammed for many years, but at the end of 2010 the valve reg u -
lat ing the out flow from the lake was re built, re sult ing in a
change in the wa ter man age ment pro ce dures at the fa cil ity.
The com mis sion ing of the new valve co in cided with very high
rain fall in the study area (Nowak, 2018; Nowak and Ptak,
2018). As a re sult, the lake wa ter level in creased very rap idly,
and over the next sev eral years, de spite the oc cur rence of dry
years, it re mained in the me dium-high state. High pre cip i ta tion
in the win ter sea son 2010/2011 also caused an in crease in the 
ground wa ter level due to the iso la tion of deeper aqui fers from
the ter rain sur face (Figs. 2 and 3). The in crease was not as
rapid as in the nearby lake. As a re sult, at least tem po rarily, the 
di rec tion of ground wa ter flow in the vi cin ity of the lake was re -
versed. For sev eral months, ground wa ter was re charged from
the lake both in its east ern and west ern parts. A sim i lar sit u a -
tion con cerned other dammed lakes: Ostrowickie, Niedzięgiel, 
and Suszewskie. In those cases, the lakes sig nif i cantly con -
trib uted to the res to ra tion of deep aqui fers.
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Fig. 10. Av er age monthly wa ter con sump tion from ground wa ter in takes in the vi cin ity of Lake Powidzkie
 (based on Nowak, 2018)



CONCLUSIONS

The re sults of this study show that the lakes of the Powidzki
Land scape Park are the pri mary drain age bases for ground wa -
ter. In se lected cases, par tic u larly within ar eas with anthropo -
genic dis tur bances, they may also con sti tute a re charge zone,
es pe cially for largely ex ploited, deep, and poorly re new able
aqui fers.

De pend ing on the size and depth of the lakes in the study
area, they are of lo cal, tran si tional, or re gional im por tance for
aqui fers. The deeper and larger the lake, the wider its im pact.
The ex am ple of the lakes dis cussed shows that small and shal -
low lakes usu ally drain the first aqui fer with a small ex tent. The
bound aries of the area usu ally co in cide with, or only slightly ex -
ceed, the di rect sur face catch ment of the lake. Deeper lakes in
hy drau lic con tact with deep aqui fers drain ar eas far be yond
their catch ment area, of ten ex ceed ing the sur face wa ter shed.
This is the case for lakes Powidzkie, Ostrowickie, and Budzi -
s³awskie. Their wa ter lev els largely de pend on the lo ca tion of
the ground wa ter level in ma jor aqui fers of re gional im por tance.
This is re flected in the pro lon ga tion of the pe riod of low lake wa -
ter lev els com pared to shal lower lakes in the vi cin ity af fected by
the same me te o ro log i cal fac tors.

In ex cep tional sit u a tions, lakes con sti tute a wa ter res er voir 
for deeper aqui fers and for ad ja cent ar eas re charged with
ground wa ter un der nor mal con di tions. The for mer was ob -

served in the case of lakes with flat wide shores over grown
with wa ter-con sum ing veg e ta tion. In such zones with very high 
evapotranspiration, dur ing hot and dry pe ri ods, the ground wa -
ter flow di rec tion is re versed, and the ar eas re ceive wa ter pri -
mar ily from the lake. In the lat ter case, the deeper aqui fer in
con tact with the lake has a re duced hy dro static pres sure, and
its wa ter level is lower than the lake wa ter level. Such con di -
tions were found pri mar ily in the north east ern part of the Park
near lakes: Budzis³awskie, Wilczyñskie, and Suszewskie with
catch ments lo cated in the de pres sion cone of the JóŸwin II B
lig nite open cast mine. As a con se quence, in the zone of hy -
drau lic con tact be tween the lakes and the drained aqui fer, the
di rec tion of ground wa ter flow has been re versed, and wa ter
from the lake is cur rently seep ing into the aqui fer which is be -
ing drained. A sim i lar sit u a tion was ob served in the case of
lakes Powidzkie, Ostrowickie, and Niedziêgiel, al though in
their case a part of the for mer re charge area was ex cluded.
Here, an in crease in re charge of wa ter ac cu mu lated in the lake 
ba sin to lower aqui fers is ad di tion ally in ten si fied by their
damm ing.

As a re sult of such close hy drau lic con tacts with deeper
aqui fers, show ing an ev i dent ten dency for de creas ing wa ter lev -
els, deep lakes from the study area show very high wa ter loss
and low ca pac ity to re build these re sources. Some of the shal -
low lakes lo cated in the same tun nel val leys as the deep and
large lakes re spond in a sim i lar way.
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Fig. 11. Wa ter and sew age man age ment in the Powidzki Land scape Park (Nowak, 2018)



Ac knowl edge ments. The re search was fi nanced with the
sup port of funds from the re search pro ject of the Na tional Sci -
ence Cen tre for young sci en tists who start their stud ies and do
not have a PhD de gree – PRELUDIUM. “Role of lakes in shap -
ing ground wa ter re charge and drain age in the young gla cial
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pressure” (con tract no: UMO-2011/03/N/ST10/05014), con -

ducted in the pe riod 2012–2015, and from the sys tem pro ject
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