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Abstract

The paper refers to the contemporary sensitivity of a ribbon flow-through lake to changeable meteorologi-
cal conditions (precipitation, evaporation). We checked whether the lake morphology can affect the abrupt
changes in hydrological conditions under which environmental changes occur. We analyzed changes in the
level and extent of the water table in relation to morphological thresholds of a Charzykowskie Lake. Changes
in the lake water level were disproportionate in relation to small changes in the volume of water involved in the
exchange. During 55 years of observations, the lake water level did not exceed the threshold values of sensitiv-
ity to shortage or surplus stress.
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Introduction

In the era of debate on the protection of natu-
ral resources and the prevention of adverse
climate change (global warming - Parry
et al. 2007), an increasing emphasis is being
placed on the management of lake resources
(George 2010; Servos et al. 2013). Limnolo-
gists often underline the fact that lakes are

not stable elements and tend to disappear
through the effect of many different pro-
cesses. The rate of lake disappearance has
increased (Ggsiorowski 2008; Marszelewski
et al. 2011), and the area of Polish lakes has
decreased by proportions varying from 9.60%
on Pojezierze Pomorskie to 15.21% on Pojezie-
rze Wielkopolsko-Kujawskie (Choinski 2006).
The tempo and direction of these processes
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depend, in natural conditions, on climate fluc-
tuations, sedimentation and vegetation en-
croachment ratios, and changes in the drain-
age basin of the flow-through lakes (Choinski
& Ptak 2008; tawniczak 2010; Marszelewski
et al. 2011). Many scientists (Bajkiewicz-
Grabowska 2001; Michalezyk & Turczynski
2001; Gorniak & Piekarski 2002; Dgbrowski
2004; Choinski 2007; Choinski & Ptak 2008;
Ptak et al. 2013) underline the importance
of local conditions in lake transformations.
This is, in many cases, caused by the unwit-
ting effects of human management - e.g.
deforestation, the development of agricul-
ture, groundwater abstraction (Churski 1983;
Kaniecki 1997; Choinski et al. 2012). On the
other hand, there is the possibility of undertak-
ing activities to protect the water resources,
e.g. damming lakes, water transfers, etc.

An important step in planning protective
measures and adaptations to changing con-
ditions is to understand the contemporary
hydrological sensitivity of the lake to adverse
meteorological conditions that cause shortag-
es or surpluses of water (droughts/floods) (Aus-
tralian Greenhouse Office 2005; Soja et al.
2012). For this purpose, we have studied two
elements determining the hydrological status
of the lake: the level and the range of the
water surface (McParland & Barrett 2009;
Laprida et al. 2014). The selected hydrologi-
cal characteristics affect the growth of mac-
rophytes (Keddy 1990; Ostendorp 1991), in-
vertebrates (Smith et al. 1987; Baumgdrtner
et al. 2008; Brauns et al. 2008), ichthyofauna
(Fischer et al. 2004; Yamamoto et al. 2006;
Sutela & Vehanen 2008), birds (Hake et al.
2005; Desgranges et al. 2006) and, indi-
rectly, the trophic status of the lake (Hellsten
& Dudley 2006; Paillisson & Marion 2011).
They are therefore a very important indicator
of the impact exerted by climate change and
anthropopressure on ecological condition (Wa-
ter Framework Directive)'. At the same time,
using conclusions expressed by Wantzen et al.

" Directive 2000/60/EC of the European Parlia-
ment and of the Council of 23 October 2000 estab-
lishing a framework for Community action in the field
of water policy.
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(2008), we have assumed that the response
of the lake system to water fluctuations de-
pends on the morphology of the lake basin.
This means that the shape of the lake basin
is an important factor controlling the reaction
of the lake to changeable meteorological con-
ditions (precipitation, evaporation) and human
impact. Many authors (e.g. Pastawski 1975;
Janczak 1991; Lange 1993; Choinski 2007;
Grandke 2009; Choinski et al. 2011; Ptak et al.
2013; Kramkowski et al. 2014; Kutyta 2014)
indicate relationships between lake water level
changes and lake bowl parameters such as its
area, depth and volume. This paper considers
other aspects of this phenomenon.
Considering the diverse shapes of lake ba-
sins (thresholds dividing the lake into parts,
variable shape of the shore zones and slope)
we assumed that with different filling of the
lake bowl with water the morphology can
affect the abrupt changes in environmental
conditions. Therefore, we decided that the
combination of morphological and hydrologi-
cal information is a very important medium
of the impact of extreme meteorological condi-
tions on the ecological condition of the lake.
During our research, we checked if the
observed temporary droughts and wet pe-
riods may affect the abrupt environmental
changes in the flow-through ribbon lake with
a large catchment. The authors also consid-
ered the possibility of the lake water damming
up to the maximum water level determined
by the conditions of periglacial lake trough
formation. The pilot studies were conducted
on the example of Charzykowskie Lake lo-
cated in the Tuchola Forest Biosphere Reserve
in Poland, where flow-through ribbon lakes
play an important natural function. To as-
sess the hydrological sensitivity of the lakes
we established the altitudes of the morpho-
logical thresholds of the lake basin (m a.s.l.),
the surpassing of which by the water’s surface
induces environmental changes such as: inten-
sified abrasion and sediment resuspension,
drying or expansion of the littoral and connec-
tion with other lakes (Australian Greenhouse
Office 2005). We compared them with the
multiannual (1961-2015) observations of the
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water level in the studied water body against
the diversity of rainfall in this period.

To carry out a deeper investigation into
this topic, the authors used the advantages
of GIS software for lake bowl 3D modelling.
This was useful in identifying the morphologi-
cal steps dividing the lake trough, establish-
ing the changes of the lake bed slope and the
bowl shape, and the drainage base in the flow-
through lakes. In order to assess the repre-
sentativeness of the results for a comparative
study, we compiled the water balance of the
lake in the years 1974-2015.

Methods

Study area

We selected for the study Charzykowskie
Lake, which is one of the largest early post-
glacial lakes in Poland (Choinski 2006). The
lake is located in the South Baltic Lake Dis-
trict where the climate is influenced by the
Atlantic Ocean and the Baltic Sea. It plays
an important role in the protection of the
landscape and natural values of the Pomera-
nian Lake District. In 2010, it was included
in the core zone of the Tuchola Forest Bio-
sphere Reserve. Furthermore, it is included
in the Zaborski Landscape Park (ZPK), in the
buffer zone of the Tuchola Forest National
Park (PNBT), and the Special Protection Area
for Birds ,Wielki Sandr Brdy” (PLB220001;
Natura 2000). Fragments of the direct
catchment of the lake are defined as Special
Areas of Conservation. The lake is of great
importance for recreation, water sports and
nature-based tourism. It serves as a weekend
base for the town of Chojnice, with 40,000
inhabitants. The lake’s resources are used
in fishery and angling.

Charzykowskie Lake fills a large ribbon
(Fig. 1). The ribbon was formed as a result
of complex geomorphological processes oc-
curring from Krajeriska subphase of the Vistu-
la glaciation (16,800 BP) to nowadays (Galon
1953; Pasierbski 1975; Nowaczyk 1994; Kozar-
ski 1995).

The water level in the lake ribbon changed
many times during its formation. Initial

changes could be connected to the process
of ablation of dead ice blocks and the chang-
es of the drainage level of the newly forming
Brda river system (Btaszkiewicz 2007). The
lake area was the largest in about 12,700 BP
(Nowaczyk 1994). The later periods brought
a decrease in the areal extent of the lake
(Nowaczyk 2006) together with a lowering
of the drainage base accompanied by delta
accumulation in the Brda and climate change
(Szeroczyriska & Zawisza 2011). The present
loke water level is about 3.0-3.8 m lower.
Nowadays the ribbon is filled with 4 lakes.
Besides the Charzykowskie Lake these lakes
are: Dtugie, Karsinskie, and Mielnica (Fig. 1).

17°30'0"E

z
=3
=
9
&
8

[mas.l]
160.1 - 180.0
150.1 - 160.0
140.1 - 150.0
130.1 - 140.0
125.1-130.0
120.1-125.0
115.1-120.0
110.1-115.0
105.1 - 110.0
100.1 - 105.0
95.1-100.0
91.6-95.0

T
17°30'0"E

Figure 1. Topography of the Charzykowskie Rib-
bon. Lakes: 1 - Charzykowskie, 2 - Karsinskie,
3 - Dtugie, 4 - Mielnica, 5 - Skrzynka, 6 - Ptesno
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Figure 2. Hydrographic division of the basin of the Charzykowskie Ribbon

Charzykowskie Lake has a compact shore
line (over 32.6 km in length). The maximum
depth is 29 m (average depth of 10 m). The
total area of the lake (1349 ha) represents only
1.5% of the catchment area (920 km?). A large
river - Brda - flows through the lake (on aver-
age 6 m?-s7), together with a few smaller riv-
ers and streams with a stable natural regime
(Choinski 2002) (Fig. 2).

Identification of morphological
thresholds

The Charzykowskie Ribbon is complex and
consists of: a high shoreline cliff, a narrow
shorezone, a large slope gradient (up to 23°)
and high morphological step dividing the
ribbon into pools. Following these premises,
we considered three threshold values for
the water level which, if exceeded, cause
an abrupt change in the water turnover condi-
tions, as well as in morphological and ecologi-
cal processes (Fig. 3). These are 123.5 m a.s.l.,
121.5 m a.s.l. and 118.7 m a.s.l. In the first
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case (threshold 1), Charzykowskie Lake would
fill the entire ribbon and would merge with the
neighbouring lakes (Fig. 4).
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Figure 3. Threshold values (I-ll) of the water
level against the morphological structure of the
lake basin: a - pool; b - slope; ¢ - shorezone;
d - slope of the basin; MWL - mean water level
in 1961-2010(120.10 m a.s.l)
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The adopted water level (123.5 m as.l)
reflects the maximum water level in the lake
in the geological period following deglacia-
tion, so the initial stage of the lake function-
ing (Totpa 1950; Nowaczyk 2006) (Fig. 3, 4).
Charzykowskie Lake was then connected with
smaller reservoirs in the northern part of the
ribbon (Karsinskie Lake and Dtugie Lake) and
with the lake located to the north-east (Gatka
2006) (Fig. 2). Although present forecasts
of climate change do not indicate a repeat
of scenarios of these kinds, there is a pos-
sibility of reaching such conditions by arti-
ficially damming the lake to store water for
dry periods. Ideas of this kind were reported

even as recently as the 1990s (Fal & Bogda-
nowicz 2002). Such conditions would cause
an increasing role of waves and therefore the
abrasion of the north-eastern parts of the lake
shore and the resuspension of lake bed depos-
its. The conditions of water mixing would also
be changed leading to a shallowing of the hy-
polimnion in the northern part of the reservoir.

The rise of the water above 121.5 m a.s.l.
is followed by the water table rising up to steep
shoreline escarpments and enhanced abra-
sion processes of the shorezone as a result
of wave motion. The topography of the lake
basin was taken into account in the determina-
tion of these thresholds (slope gradient >6°,
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Figure 4. Simulated flood extents: A - after exceeding extreme sensitivity thresholds; B - the changes

of the Charzykowskie Lake areal extent in 1961-2015
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which defines zones prone to erosion and the
boundary of the shorezone).

The third case considered assumed that the
water level would be lowered to the present
drainage base (118.7 m a.s.l.) which would
cause the stopping of surface outflow from
Charzykowskie Lake accompanied by the ex-
posure of the littoral zone. This can involve
serious ecological consequences, as identified
by several studies (Schmieder 2004; Havens
& Gawlik 2005; Yamamoto et al. 2006; Hof-
mann et al. 2008; Wantzen et al. 2008; Zohary
& Ostrovsky 2011), and changes in the man-
agement of the shoreline zones, e.g. a change
in the beach range, or the necessity to change
the length of piers (Padisdk et al. 2006).

Threshold values were determined based
on geodetic profiles and a digital elevation
model (DEM) of the lake basin relief (Fig. 1).
The DEM model of the lake ribbon was cre-
ated by combining the bathymetric plan and
the topographic map (scale of 1:10,000), and
geodetic data collected in the shorezones (de-
veloped by IMGW-PIB 2012). The resolution
of the DEM is 1 m. Simulations of the range
and calculations of the morphometric charac-
teristics of the lake at different water levels
(Fig. 3) were performed with the software
ArcGIS ver. 10.2.

A priori determined sensitivity thresholds
of the lake system to changes in the lake ba-
sin filling were related to contemporary water-
level fluctuations in Charzykowskie Lake, ob-
served over the period 1961-2015.

Assessment of meteorological
conditions

In order to assess the representativeness
of the results, we analysed the variabil-
ity of the water level in Charzykowskie Lake
in relation to mean monthly temperature and
monthly precipitation values expressed by the
Standardized Precipitation Index (SPI) (McKee
etal. 1993). Monthly total precipitation values
P.[mm] were normalized with the transforma-
tion function FP) (Bak & tabedzki 2002):
1

AP =P> (1)
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SPI values for a given P were calculated
from the equation:

SPI = [F(P)- ]G (2)

where: F(P) - the transformed sum of precipita-
tion; p - the mean value of the normalized pre-
cipitation sequence; 6 - the standard devia-
tion of the normalized precipitation sequence.

Water exchange balance

The assessment of the effect of atmospheric
factors on the conditions of water exchange
in Lake Charzykowskie was based on the
modified water balance formula (Mikulski
1970). The formula considers three exchange
components: atmospheric (P, - £,), fluvial

(Hri,,- Hro, ) and groundwater (AHg, ):
R Rt = (Pm B EAr) + (HI’/N B HrOAr) + AHgAt (3)

where: R and R, - state of retention at the
beginning and end of the balance period,
P, - precipitation on the lake’s surface
areaq, £,, - evaporation from water surface,
Hri,, - fluvial inflow to the lake, Hro,, - fluvial
outflow from the lake, AHg,, - resultant of un-
derground exchange.

The assessment of atmospheric exchange
in the studied lake was based on hydrome-
teorological data from the synoptic station
in Chojnice and observations of ice cover
on the Charzykowskie Lake. Precipitation totals
on the lake surface area were calculated based
on measurements of daily totals. Monthly
evaporation totals were calculated from em-
pirical formulas applying easy to measure me-
teorological parameters. In the case of the oc-
currence of ice cover on the lake, the lwanow’s
formula was applied (following Kedziora 1995):

E=0.0018(25+T2(100-f  (4)

where: T - air temperature, f - relative humidity.

Evaporation from open water surface was
calculated in the function of deficit of humid-
ity (d), the number of days per month (i) and
wind velocity at the altitude of 2 m (v,), based
on the Penman’s empirical formula (1948):

E=0.36di(1+0.5v) (5)

1
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Both of the formulas were verified in north-
ern Poland. It is presumed that at the monthly
scale, they provide results in accordance
with the intended results (Kedziora 1995;
Dgbrowski 2007; Walkusz & Janczak 2007).
For the purpose of facilitating comparative
analyses, changes in retention were calculated
in relation to the state of the lakes as at 1 De-
cember 1998. Inflow and outflow from the
lake was calculated based on the Brda daily
discharges (Profile Ciecholewy and Swornega-
cie) and the regression dependencies between
the discharge of the Brda River (at the inflow
and outflow from the lake), and the remaining
tributaries (Czerwona Woda, Struga Siedmiu
Jezior, Jarcewska Struga) (Fig. 2).

The last component (the resultant
of groundwater exchange) is calculated from
the balance difference. The resultant of un-
derground exchange is positive when the
lake fulfils the draining function in the bal-
ance period, and negative when it constitutes
a source of alimentation of underground wa-
ters (Bajkiewicz-Grabowska 2002).

The balance calculations were conducted
with a monthly time step At. The resulting
data were aggregated to periods of hydro-
logical year (from November to October). The
calculation unit was water layer in million m*
and mm in relation to the lake’s surface area.
The balance calculations were conducted for
a period of 35 years (1974-2015).

Measurement data

The analysis involved the application of mate-
rials from verified digital databases of the Insti-
tute of Meteorology and Water Management
- National Research Institute IMGW-PIB). They
were daily water levels in Lake Charzykowskie
from the water gauge of IMGW-PIB in Charzy-
kowy for the years 1961-2015 (Fig. 2). Obser-
vations and measurements conducted at hy-
drometric gauges of IMGW-PIB located on the
Brda River above Lake Charzykowskie in cross-
section Ciecholewy, and below another lake
filling the Charzykowy ribbon in cross-section
Swornegacie for the period 1974-2015 were
also used. The assessment of atmospheric

exchange in the lake studied was performed
based on hydro-meteorological data from the
synoptic station of IMGW-PIB in Chojnice.
The station is located approximately 2.7 km
south-east of Lake Charzykowskie, approxi-
mately 20 m above the water surface. Also,
we had discharge measurements that were
conducted irregularly on the other tributaries
of Lake Charzykowskie. These include meas-
urements carried out by the Department
of Hydrology Faculty of Geography Warsaw
University, and carried out by Voivodship In-
spectorate for Environmental Protection in Byd-
goszcz in 1997 and the others that are in the
database of the Zaborski Landscape Park.

Results

The reference period chosen for the studies
was characterized by: (1) a long-term, positive
trend in the mean annual air temperature; (2)
the absence of long-term trends in the total
annual rainfall recharge; (3) large differences
in precipitation; (4) extreme variation in the to-
tal monthly rainfall recharge over time (Fig. 5).
The late 1980s and early 1990s stood out
against this backdrop. A long term hydrologi-
cal drought (reduction of water resources) took
place throughout Poland, the effects of which
were visible until 1996 (Fal & Bogdanowicz
2002). Since the beginning of the 21st cen-
tury a very large diversity of monthly precipita-
tion totals has been observed - extremely dry
months interspersed with extremely wet. This
lasted until 2012. From this year on significant-
ly low precipitation and heat waves occurred
in the summer period (Fig. 5). In 2015 a severe
drought occurred.

Water exchange in Lake Charzykowskie
is very high. In 1974-2015, during the hydro-
logical year (XI-X), an average of 253 mil-
lion m® of water was involved in the exchange.
This is 1.8 times more than the water resourc-
es of the lake (139 million m?). In subsequent
years this figure varied widely, from 320 mil-
lion m® to 190 million m? in the extremely
dry year (2015). The atmospheric component
of exchange was negligible and accounted
for only about 2% of lake water resources

Geographia Polonica 2017, 90, 4, pp. 401-415
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(P, - E,) =-0.3 million m?). This component
was characterized by a predominance of evap-
oration over precipitation (Tab. 1).

Because of this, in 1974-2015 the sum of at-
mospheric exchange deficits reached -12 mil-
lion m*. Annually, the balance of precipitation
and evaporation exchange on the lake sur-
face changed within the range of -6 (2015)

[
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to +6 million m* (1980). In the spring and
summer months, despite a marked increase
in precipitation, there was a negative differ-
ence in the atmospheric balance. This situ-
ation lasted from April to September. Short-
ages of the atmospheric supply in the summer
half-year were partially supplemented in the
autumn-winter period.
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Figure 5. Effect of air temperature and precipitation conditions on changes in the water level in Charzy-
kowskie Lake: A - mean monthly air temperature; B - monthly values of the Standardized Precipitation
Index (SPI), a — mild drought, b — moderate drought, ¢ — severe drought, d — extreme drought; C - water
level fluctuations in Charzykowskie Lake in monthly intervals (curve-1) in relation to the 24-month moving
average (curve-2). Arrows indicate the years analysed in detail
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Table 1. Balance of water exchange (million m?) in Charzykowskie Lake in the extreme years on the back-

drop of the average values of 1974-2015

Atmospheric Fluvial Groundwater Difference
Hydrological exchange exchange exchange of retention
year (X-XI) ]
PuEa Hri,-Hro,, Hg,,~Hgo, R-R.;

Average of period -0.3 -31.5 31.8 -0.1
1980 - extremely humid 6.1 -35.6 324 2.8
1982 - with the highest 3.3 -37.3 37.3 3.4
increase of retention
1993 - hydrological 0.7 -44.1 455 2.0
drought
2015 - extremely dry -5.5 -17.2 24.7 2.0

A more important component of the Cha-
rzykowskie Lake water balance is fluvial ex-
change. In the analysed period it constituted
over 40% of the water involved in the circula-
tion. The average annual river inflow to Cha-
rzykowskie Lake amounted to 212 million m?
(Fig. 6, Tab. 1). Inflow to Charzykowskie Lake
is determined by Brda River (89% of river in-
flow to the lake), and to a lesser extent, by
3 tributaries: Jarcewska Struga (6%), Czerwo-
na Struga (3%), Struga Siedmiu Jezior (2%).

Despite the lowland character of the tribu-
taries, characterized by a relatively balanced
regime (Choinski 2002), the reaction of riv-
ers to atmospheric forcing was clear. The
largest inflow of river occurred in 1981 and
amounted 276 million m®. In 1991, during the

hydrological drought, it was 1.8 times lower.
Throughout the study period the balance
of the fluvial exchange was negative. River
outflow was greater than inflow by an aver-
age of 32 million m°.

Groundwater recharge plays an important
role in refilling the lake’s water resources. The
underground water turnover is supported
by a sandy littoral and facilitated by the loca-
tion of the lake ribbon and its contact with the
subterranean Quaternary waters (headwater
zones). In a hydrological year groundwater
inflow represents averagely 23% of the lake
resources (32 million m?). The river turnover
balance is negative and significantly exceeds
the atmospheric exchange. Rainfall recharge
is only a few percent.

Geographia Polonica 2017, 90, 4, pp. 401-415
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Sensitivity to atmospheric forcing
Charzykowskie Lake is resistant to extreme
short-lived atmospheric forcing. This is proven
by the reaction of the lake to inflow changes.
In the study period, changes in the retention
of Charzykowskie Lake were disproportionate-
ly small compared to the changes of the water
volume taking part in the exchange (Fig. 5).
Despite high variability in the conditions of at-
mospheric recharge, changes in the water
level of Charzykowskie Lake in 1961-2015 did
not exceed 90 cm, which corresponds to 9%
of the total resources stored in the lake. The
reaction to increased precipitation was shifted
in time. This applies also to the lake’s response
to a shortterm shortage of inflow. As an exam-
ple one could consider the extremely dry year
2015. At that time, the water level dropped
only 20 c¢m in relation to the average value.
A clear limitation of the lake water resources
wasn't visible except during the long-term hy-
drological drought in the 1990s (Fal & Bogda-
nowicz 2002) (Tab. 2).

Throughout the analysed period, the water
surface in the lake did not exceed the threshold
values of sensitivity to climate stress (Fig. 3, 4).
The morphometric parameters of the lake
basin filled with water fluctuated to a small
extent (Tab. 2). The shorezone of 1.8 km?
which represents almost half of the shoreline,
but just 13% of the lake area, was exposed
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during the drought. The length of the shore-
line changed — it was 8 km longer with the
maximum filling compared to the minimum
filling. The changes described did not offect
the functional and natural values of the lake.

Discussion and conclusions

Studies have confirmed that the shape of the
lake bathymetry is an important factor con-
trolling the lake’s hydrological response
to changing atmospheric conditions (precipi-
tation, evaporation). The ribbon flow-through
lake studied has a low sensitivity to contem-
porary conditions of water exchange. With
a water level amplitude of 90 cm (8 million m?
of water), the lake’s morphological thresholds
of sensitivity to changes in retention were
not exceeded, and the most realistic degree
to which this will occur is the achievement
of threshold II.

The following factors contributed to the low
sensitivity of the ribbon flow-through lake: (1)
the deep lake basin of Charzykowskie Lake;
(2) the narrow littoral zone, and (3) the large
area of the total catchment (920 km?), form-
ing a buffer with a reservoir of surface water
and groundwater. A large lake catchment miti-
gates the reaction of the lake to atmospheric
conditions (precipitation-evaporation). The
water exchange time in the lake is 0.5 years.

Table 2. Comparison of parameters of the lake basin at different water levels in 1961-2015 (the observed
and potential levels after exceeding the threshold values)

Water level Water Lake surface Length
ordinate Comments volume area of shoreline
[mas.l] [km?] [km?] [km]

1961-2015
120.8 Max 0.15 14.9 43
1201 Mean 0.14 13.5 34
119.9 Min 0.13 131 35
Threshold
123.5 I 0.29 2741 81
121.5 I 0.15 15.4 47
118.7 1 0.12 11.8 35
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An underground supply is important in main-
taining the water resources of the lake. During
the long-term drought in the 1990s this supply
provided as much as 45 million m® of water.
By comparison, in order for the average level
of water in the lake to decrease below the low-
est threshold Ill, the water retention deficits
would have to be 20 million m®. In practice,
this means that disturbance of the water
resources in the catchment will affect the
condition of Charzykowskie Lake. Shortages
of water for municipal purposes already occur
in the upper catchment of the Brda River and
additional sources of water supply are sought
(Hobot et al. 2012).

One must remember that the condi-
tion of resources is determined by the time
of exposure to adverse conditions. An exam-
ple of this is the difference in lake response
to the long-term water shortages in the 1990s
and the dangerous but relatively short epi-
sode of meteorological drought that occurred
in 2014 and 2015. In the first case, we ob-
served the lowest water levels, while in 2015
the water level fluctuated around the multi-
year average.

Contemporary observations only allow
for the evaluation of the so-called ‘current
vulnerability” of the lake being investigated
(ICF International 2009). Under such circum-
stances, the projection of changes in reten-
tion as a result of predicted climate change
due to global warming is becoming increas-
ingly important (Parry et al. 2007). Examples
of this kind of procedure can be found in other
regions, e.g. the Neusiedler See (Soja et al.
2013) or Lake Okeechobee (Havens & Stein-
man 2013). In the case of a flow-through
lake with a large catchment this task is not
only difficult (interaction of many factors) but
it is also subjected to a considerable uncer-
tainty in climate projections (e.g. Rannow
et al. 2010; Ziger & Knoflacher 2011). Addi-
tionally, the assumption that ‘contemporary’
sensitivity is similar to ‘future’ (vulnerability)
is a major simplification. The assessment
of the future responses (vulnerability) of Cha-
rzykowskie Lake based on 50 years of expe-
rience is justifiable as long as no additional

factors occur in the future which would mod-
ify the lake's response to climate forcing
(Marszelewski & Adamczyk 2004; Johnson
& Weaver 2009; tawniczak et al. 2011).
This is confirmed by studies of Polish geo-
morphologists and palynologists (e.g. No-
waczyk 1994; Kozarski 1995; Gatka 2006;
Btaszkiewicz 2007, Szeroczyriska & Zawisza
2011). Contemporary modifying factors can
include an anthropogenic steering (for exam-
ple adding a dam - threshold ).

In water management it is important
to determine the threshold conditions under
which environmental changes occur (Austral-
ian Greenhouse Office 2005). In our case,
we used the morphological thresholds of lake
sensitivity to changes in retention. They are the
equivalent of warning and alarm water levels
on rivers. They can be used in an anthropo-
genic steering of water resources in lakes. The
determination of thresholds is not always easy
because it depends on the clarity of the relief
of the lake basin. In the ribbon lake investi-
gated, the height of the steps dividing the lake
ribbon into smaller depressions and the loca-
tion of the edges limiting the shore zone were
taken into account. It should be noted that the
accuracy of calculations is determined by the
resolution of a bathymetric plan and geodetic
data on that part of the lake that has emerged.
The study presented a high-resolution model.
Unfortunately, detailed mapping of the lakes’
shore zones is still insufficient to prepare ba-
thymetric plans of the lakes. In addition, the
determination of threshold values for lakes
with different morphological structures (less
contrast) will require extended hydrobiologi-
cal research.

Acknowledgments

The study was a continuation of works con-
ducted under the project EULAKES funded
by the Central Europe Program (project
No. 2CE243P3), and by the European Region-
al Development Fund (ERDF). The scientific
work was financed by the funds for science
in 2011-2013 granted for the implementation
of an international co-funded Project (MNiSW).

Geographia Polonica 2017, 90, 4, pp. 401-415



412

The authors would like to thank Gerhard Soja
from the AIT Austrian Institute of Technol-
ogy GmbH, HE-Dep (Austria) and Marianno
Bresciani from the IREA National Research
Council (Italy) for the comments and discus-
sion research the issue. The authors also would
like to thank both reviewers for their insightful

References

AUSTRALIAN GREENHOUSE OFFIcE, 2005. Climate
change risk and vulnerability. Promoting an ef-
ficient adaptation response in Australia. Canber-
ra: Australian Greenhouse Office, http://www.
sfrpc.com/Climate%20Change/4.pdf.

Baskiewicz-Grasowska E., 2001. Trends in water
level changes in the North-eastern Poland. Lim-
nological Review, vol. 1, no. 2, pp. 3-14.

Baskiewicz-Grasowska E., 2002. Obieg materii
w systemach rzeczno-jeziornych. Warszawa: Wy-
dawnictwo Uniwersytetu Warszawskiego.

BAUMGARTNER D., MORTL M., RoTHHAUPT K-O.,,
2008. Effects of water-depth and water-level fluc-
tuations on the macroinvertebrate community
structure in the littoral zone of Lake Constance.
Hydrobiologia, vol. 613, no. 1, pp. 97-107.

Bak B., taBeDzki L., 2002. Assessing drought sever-
ity with the relative precipitation index and the
standardised precipitation index. Journal of Wa-
ter and Land Development, vol. 6, pp. 89-105.

Braszkiewicz M., 2007. Geneza i ewolucja mis je-
ziornych na mtodoglacjalnym obszarze Polski -
wybrane problemy. Studia Limnologica et Telma-
tologica, vol. 1, no. 1, pp. 5-16.

Brauns M., Garcla X-F., PuscH M.T., 2008. Poten-
tial effects of waterlevel fluctuations on littoral
invertebrates in lowland lakes. Hydrobiologia,
vol. 613, no. 1, pp. 5-12.

CHoiNski A., 2002. Rzeki Borow Tucholskich [in:]
J. Banaszak, K. Tobolski (eds.), Park Narodowy
,Bory Tucholskie” na tle projektowanego re-
zerwatu biosfery, Charzykowy: Park Narodowy
,Bory Tucholskie”, pp. 139-150.

CHoiNski A., 2006. Katalog jezior Polski. Poznan:
Wydawnictwo Naukowe UAM.

CHoiNskr A., 2007. Limnologia fizyczna Polski.
Poznar: Wydawnictwo Naukowe UAM.

Geographia Polonica 2017, 90, 4, pp. 401-415

Barbara Nowicka ¢ Marta Batandin ¢ Anna Nadolna

comments on the paper, as these comments
led them to an improvement of the work.

Editors’ note:

Unless otherwise stated, the sources of tables and
figures are the authors’, on the basis of their own
research.

CHoINskl A., tawniczak A., Prak M., Sokowiak L.,
2011. Causes of lake area changes in Poland.
Journal of Resources and Ecology, vol. 2, no. 2,
pp. 175-180.

CHoiNskl A., Prak M., 2008. Zanikanie jezior
w Wielkopolsce na tle Polski. Roczniki Glebo-
znawcze, vol. 59, no. 2, pp. 25-31.

CHolINskl A., Prak M., StrzeLczak A., 2012. Exam-
ples of lake disappearance as an effect of rec-

lamation works in Poland. Limnological Review,
vol. 12, no. 4, pp. 161-167.

CHuURskI Z., 1983. Eutrophication and the disap-
pearance of lakes in the Brodnica Lake District,
Northen Poland as a result of human interfer-
ence. Hydrobiologia, vol. 103, no. 1, pp. 165-168.

Dagrowskl M., 2004. Trends in changes of lake wa-
ter levels in the Pomerania Lakeland. Limnologi-
cal Review, vol. 4, pp. 85-92.

Dasrowskl M., 2007. Evaporation from surface
of lakes. Limnological Review, vol. 7, no. 3,
pp. 133-138.

DESGRANGES J.-L., INGRAM J., DroOLET B., MORIN J.,
Savace C., Borcarp D., 2006. Modelling wet-
land bird response to water level changes in the
Lake Ontario - St. Lawrence River Hydrosystem.
Environmental Monitoring and Assessment,
vol. 113, no. 1-3, pp. 329-365.

FaL B., BoGgpanowicz E., 2002. Zasoby wad po-
wierzchniowych Polski. Wiadomosci Instytutu
Meteorologii, vol. 25, no. 2, pp. 2-36.

FiscHer P, OHL U., Wacker N., 2004. Effects
of seasonal water level fluctuations on the ben-
thic fish community in lakes - a case study of ju-
venile burbot Lota lota L. Ecohydrology & Hydro-
biology, vol. 4, no. 4, pp. 481-486.

GALoN R., 1953. Morfologia doliny i zandru Brdy.
Studia Societatis Scientiarum Torunensis. Sec-
tio C, Geographia et Geologia, vol. 1, no. 6,
pp. 121-176.



Sensitivity of a large flow-through lake to meteorological condition and anthropogenic stress... 413

Gatka M., 2006. Mouth of Seven Lakes Stream [in:]
G. Kowalewski, K. Milecka (eds.), Lakes and mires
of ,Bory Tucholskie” National Park. Field guide-
book, Charzykowy: ,Bory Tucholskie” National
Park, pp. 137-144.

Gasiorowsk M., 2008. Deposition rate of lake sedi-
ments under different alternative stable states.
Geochronometria, vol. 32, pp. 29-35.

GeorGt G. (ep.), 2010. The Impact of Climate
Change on European Lakes. Aquatic Ecology Se-
ries, vol. 4, Dordrecht, Heidelberg, London, New
York: Springer Netherlands.

GOrNIAK A, Piekarski K., 2002. Seasonal and multi-
annual changes of water levels in lakes of North-
eastern Poland. Polish Journal of Environmental
Studies, vol. 11, no. 4, pp. 349-354.

GRANDKE M., 2009. Zmiany powierzchni jezior
Brenskie i Biate-Miatkie (Pojezierze Stawskie)
w latach 1778-2008. Studia Limnologica et Tel-
matologica, vol. 3, no. 1, pp. 13-24.

HAke M., DAHLGREN T, AnLunp M., LINDBERG P,
Eriksson M.O.G., 2005. The impact of water
level fluctuation on the breeding success of the
Black-throated Diver Gavia arctica in South-west
Sweden. Ornis Fennica, vol. 82, pp. 1-12.

Havens K.E., Gawtik D.E., 2005. Lake Okeechobee
conceptual ecosystem model. Wetlands, vol. 25,
no. 4, pp. 908-925.

Havens K.E., Steinman A.D., 2013. Ecological re-
sponses of a large shallow lake (Okeechobee,
Florida) to climate change and potential future
hydrologic regimes. Environmental Manage-
ment, vol. 55, no. 4, pp. 763-775.

HeListen S., Duptey B., 2006. Hydromorphological
pressures in lakes [in:] A. Solimini, A.C. Cardoso,
A-S. Heiskanen (eds.), Indicators and methods
for the ecological status assessment under the
Water Framework Directive. Linkages between
chemical and biological quality of surface wa-
ters, Luxemburg: Office for Official Publications
of the European Communities, pp. 135-140.

Hosot A., Banaszak K., StoLArRska M., SowiN-
ska K., SerariN R., StacHURA A., 2012. Warun-
ki korzystania z wod zlewni rzeki Brdy (SCWP:
DWO0601, DW0602, DWO0603, DWO0604,
DW0605, DW0607, DW0609) - Etap 1 - Dy-
namiczny bilans ilosciowy zasobow wodnych.
Gliwice: ,Pectore-Eco”, http://www.rzgw.gda.
pl/cms/fck/uploaded/ZGPW_rozporzadzenia/
Bilansowanie%?20zasobdéw_Brda.pdf.

HorvaNN H., Lorke A., PeeTers F., 2008. Tem-
poral scales of water-level fluctuations in lakes
and their ecological implications. Hydrobiologia,
vol. 613, no. 1, pp. 85-96.

|CF INTERNATIONAL, 2009. Literature review: climate
change vulnerability assessment, risk assess-
ment, and adaptation approaches, Washington:
ICF International, https://www.fhwa.dot.gov/en-
vironment/sustainability/resilience/publications/
vulnerability_assessment/index.cfm.

JaNczak J., 1991, Fizycznogeograficzna typologia
i ocena jezior na przyktadzie Pojezierza Wiel-
kopolskiego. Materiaty Badawcze. Ser. Hydrolo-
gia i Oceanologia, vol. 15, Warszawa: Instytut
Meteorologii i Gospodarki Wodnej.

Jonnson T.E., Weaver C.P, 2009. A framework
for assessing climate change impacts on water
and watershed systems. Environmental Manage-
ment, vol. 43, no. 1, pp. 118-134.

Kanieckr A., 1997. Wplyw XIX-wiecznych melioracji
na zmiany poziomu wod [in:] A. Choinski (ed.),
Whptyw antropopresji na jeziora, Poznan-Byd-
goszcz: Wydawnictwo Homini, pp. 67-71.

Keopy PA., 1990. Water level fluctuations and wet-
land conservation [in:] JA. Kusler, R.C. Smardon
(eds.), Proceedings of an International Symposi-
um Wetlands of the Great Lakes: protection and
restoration policies, status of the science, Nia-
gara Falls, New York, May 16-18, 1990, Berne:
The Association of State Wetland Managers,
pp. 77-91.

Kepziora A., 1995. Podstawy agrometeorologii. Po-
znan: Parstwowe Wydawnictwo Rolnicze i Lesne.

Kozarski S., 1995. Deglacjacja Pétnocno-Zachod-
niej Polski: warunki srodowiska i transformacja
geosystemu (~20 ka — 10 ka BP). Dokumentacja
Geograficzna, vol. 1, Warszawa: Instytut Geogra-
fii i Przestrzennego Zagospodarowania PAN.

Kramkowski M., Bartczak A., Kaczmarek H., Sto-
wINskl M., Tyszkowski S., 2014. Naturalne i an-
tropogeniczne uwarunkowania przestrzennych
zmian obszarow wodno-bfotnych na przyktadzie
Jeziora Rakutowskiego w swietle archiwalnych
materiatow kartograficznych i fotogrametrycz-
nych. Problemy Ekologii Krajobrazu, vol. 37,
pp. 169-179.

Kutvta S., 2014. Characteristics of water level
fluctuations in Polish lakes - a review of the lit-
erature. Ochrona Srodowiska i Zasobéw Natural-
nych, vol. 25, no. 3(61), pp. 27-34.

Geographia Polonica 2017, 90, 4, pp. 401-415



414

LANGE W., 1993. Metody badari fizycznolimnolo-
gicznych. Gdansk: Uniwersytet Gdariski.

LaPRIDA C., PLastant M.S., IRurzUN A, Gocorza C.,
Navas A., VALERO-GARCES B., SiNmo A.M., 2014.
Mid-late Holocene lake levels and trophic states
of a shallow lake from the southern Pampa plain,
Argentina. Journal of Limnology, vol. 73, no. 2,
pp. 325-339.

tawNiczak A.E., 2010. Overgrowing of two polymic-
tic lakes in Central-Western Poland. Limnological
Review, vol. 10, no. 3-4, pp. 147-156.

tawniczak A.E., CHoiNski A., Kurzvca |, 2011.
Dynamics of lake morphometry and bathym-
etry in various hydrological conditions. Polish
Journal of Environmental Studies, vol. 20, no. 4,
pp. 931-940.

MarszeLewskl W., Ptak M., Skowron R., 2011. An-
thropogenic and natural conditionings of disap-
pearing lakes in the Wielkopolska-Kujawy Lake
District. Roczniki Gleboznawcze, vol. 62, no. 2,
pp. 283-294.

McKee T.B., Doesken N.J., KLeist J., 1993. The
relationship of drought frequency and duration
to time scales [in:] Proceedings of the 8™ Con-
ference on Applied Climatology, 17-22 January,
Anaheim, CA, Boston: American Meteorological
Society, pp. 179-183.

McParLAND C., Barrerr O., 2009. Hydromorpho-
logical literature reviews for lakes. Science report:
SC060043/SR1. Bristol: Environment Agency.

Marszetewskl W., Abamczyk A., 2004. Chang-
es Iin the area of the Mazurian Lakes in the
light of the cartographic materials at the
scale 1:25000. Limnological Review, vol. 4,
pp. 167-176.

MicHALczYK Z., TUrRCzYNski M., 2001. Lake-levels
and solar activity. Limnological Review, vol. 1,
pp. 207-212.

MikuLski Z., 1970. Ksztattowanie sie bilansu wod-
nego jezior w Polsce. Przeglqd Geograficzny,
vol. 42, no. 3, pp. 433-447.

Nowaczyk B., 1994. Wiek jezior i problemy zaniku
bryt pogrzebanego lodu na przyktadzie sandru
Brdy w okolicy Charzykowy. Acta Universitatis
Nicolai Copernici, Geografia, vol. 27, pp. 97-110.

Nowaczyk B., 2006. The genesis of lakes on the
Brda outwash plain [in:] G. Kowalewski, K. Mi-
lecka (eds.), Lakes and mires of ,Bory Tucholskie”
National Park. Field guidebook, Charzykowy:
,Bory Tucholskie” National Park, pp. 43-52.

Geographia Polonica 2017, 90, 4, pp. 401-415

Barbara Nowicka ¢ Marta Batandin ¢ Anna Nadolna

Ostenporp W., 1991. Damage by episodic flooding
to Phragmites reeds in a prealpine lake: proposal
of a model. Oecologia, vol. 86, no. 1, pp. 119-124.

PaDisAk J., MOLNAR G., SOROCZKI-PINTER E,
HanaL E., George D.G., 2006. Four consecutive
dry years in Lake Balaton (Hungary): consequenc-
es for phytoplankton biomass and composition.
Verhandlungen der internationale Vereinigung
fir theoretische und angewandte Limnologie,
vol. 29, pp. 1153-1159.

PaiLLissoN J-M., MArION L., 2011. Water level fluc-
tuations for managing excessive plant biomass
in shallow lakes. Ecological Engineering, vol. 37,
no. 2, pp. 241-247.

Parry M.L., Canziant O.F., PALUTIKOF J.P., VAN DER
Linpen PJ., Hanson C.E. (eps.), 2007. Climate
Change 2007. Impacts, Adaptation and Vulner-
ability. Contribution of Working Group Il to the
Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change. Cambridge:
Cambridge University Press.

Pasiersski M., 1975. Uwagi o genezie niecki Jeziora
Charzykowskiego. Acta Universitatis Nicolai Co-
pernici, Geografia, vol. 11, pp. 101-113.

PENmAN H.L., 1948. Natural evaporation from
open water, bare soil and grass. Proceedings
of the Royal Society A: Mathematical, Physical
& Engineering Sciences, vol. 193, no. 1032,
pp. 120-145.

Pastawskl Z., 1973. Long-term fluctuations and
trends in water level changes in the outflow lakes
in northern Poland. Hydrological Sciences Bulle-
tin, vol. 18, no. 3, pp. 295-301.

Prak M., CHoiNiski A., STrzeLczak A, TARGOSZ A.,
2013. Disappearance of Lake Jelenino since the
end of the XVIIl century as an effect of anthro-
pogenic transformations of the natural environ-
ment. Polish Journal of Environmental Studies,
vol. 22, no. 1, pp. 191-196.

Rannow S., Lol W., Greving S., GrueHN D,
Mever B.C., 2010. Potential impacts of climate
change in Germany - Identifying regional priori-
ties for adaptation activities in spatial planning.
Landscape and Urban Planning, vol. 98, no. 3-4,
pp. 160-171.

Schmieper K., 2004. European lake shores in dan-
ger - concepts for a sustainable development.
Limnologica - Ecology and Management of In-
land Waters, vol. 34, no. 1-2, pp. 3-14.

Servos ML.R., Munkittrick K.R., CoNSTANTIN G.,
MnGopo R., ALaDIN N., CHoowaew S., Hap N,



Sensitivity of a large flow-through lake to meteorological condition and anthropogenic stress... 415

Kiop KA., Opapa E., PARra O., PHiLLIPS G.,
RyanzHiN S, URRuTIA R., 2013. Science and
management of transboundary lakes: Lessons
learned from the global environment facility
program. Environmental Development, vol. 7,
pp. 17-31.

SmitH B.D., Mamanp PS., Pennock S.M., 1987.
A comparative study of water level regimes and
littoral benthic communities in Scottish lochs. Bio-
logical Conservation, vol. 39, no. 4, pp. 291-316.

Soia AM., Weiss S., Zukricl W., Soia G., 2012.
Impacts of climate change scenarios part: Lake
Neusied|. Project EULAKES Ref. No. 2CE243P3,
Report 4.4.1. Vienna: Austrian Institute
of Technology.

Sola G., ZOGER J., KNOFLACHER M., KINNER P,
Soia A-M., 2013. Climate impacts on water bal-
ance of a shallow steppe lake in Eastern Austria
(Lake Neusiedl). Journal of Hydrology, vol. 480,
pp. 115-124.

SuTeLA T., VEHANEN T., 2008. Effects of water-level
regulation on the nearshore fish community
in boreal lakes. Hydrobiologia, vol. 613, no. 1,
pp. 13-20.

SzeroczyNska K., Zawisza E., 2011. Records of the
8200 cal BP cold event reflected in the compo-
sition of subfossil Cladocera in the sediments

of three lakes in Poland. Quaternary Interna-
tional, vol. 233, no. 2, pp. 185-193.

Totpa S., 1950. Rosliny naczyniowe jeziora Cha-
rzykowskiego [in:] M. Stangenberg (ed.), Jezioro
Charzykowo, Prace Badawcze - Instytut Badaw-
czy Lesnictwa, vol. 61, pp. 71-98.

WaNTzen KM, Junk W, RotHHaupT K-O., 2008.
An extension of the floodpulse concept (FPC) for
lakes. Hydrobiologia, vol. 613, no. 1, pp. 151-170.

Yamamoto T., KoHmatsu Y., Yuma M., 2006. Ef
fects of summer drawdown on cyprinid fish lar-
vae in Lake Biwa, Japan. Limnology, vol. 7, no. 2,
pp. 75-82.

WaLkusz E., JaNczak J., 2007. Comparative study
of evaporation rate from surface water of Lake
Radunskie Gorne and that from an evaporimeter
pan placed on land. Limnological Review, vol. 7,
no. 4, pp. 241-246.

ZoHARY T., OstrOvsKy 1., 2011, Ecological impacts
of excessive water level fluctuations in stratified
freshwater lakes. Inland Waters, vol. 1, pp. 47-59.

ZUGER J., KNOFLACHER M., 2011, Regional cli-
mate change scenario. Scenario selection
and preliminary results. Project EULAKES Ref.
No. 2CE243P3, Report 4.3.2. Vienna: Austrian
Institute of Technology.

© Barbara Nowicka * Marta Batandin ¢ Anna Nadolna

© Geographia Polonica
© Institute of Geography and Spatial Organization
Polish Academy of Sciences * Warsaw ¢ 2017

Article first received ¢ January 2017
Article accepted ¢ August 2017



	Contents of Vol. 90 Issue 4 



